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EDITORIAL 


“Epicenters” of resilience 


he 25th anniversary of the magnitude (VM) 6.9 
Loma Prieta earthquake that struck the San 
Francisco Bay Area on 17 October 1989 is a fitting 
time to examine what progress has been made 
in increasing community resilience to minimize 
seismic risk. The regions affected by the 2010 M@ 
7.0 earthquake that struck Port-au-Prince, Haiti, 
and the M 8.8 event near Concepcion, Chile, a few weeks 
later illustrate the extremes in earthquake resilience. In 
the zone of most intense shaking, 1 of every 10 Haitians 
was killed, compared to 1 of every 2500 Chileans, reflect- 
ing huge differences in construction quality and com- 
munity resilience. The Loma Prieta event left 63 people 
dead, largely the result of the 
collapse of a bridge, an over- 
pass, and homes built on un- 
consolidated fill. But beyond 
the loss of life, the Bay Area 
was affected by more than $10 
billion in disruption of eco- 
nomic activity and damaged 
infrastructure. One challenge 
in implementing community 
resilience is to use science and 
engineering to find solutions 
that not only save lives but 
also get communities back to 
business as quickly as possible 
after a seismic event. 

The Loma Prieta event cata- 
lyzed partnerships of scientists, 
engineers, elected and build- 
ing inspection officials, and 
emergency managers, as well 
as building and infrastructure 


owners, members of the 
business community, and 
tenant groups, to make 


the region safer and speed 
recovery. Over the past 25 years, the Bay Area has 
become an “epicenter” of resilience, in which the com- 
munity has made substantial investments that are 
driven and supported by science-informed public policy. 
Translation of science, accurate and clear risk com- 
munication, and actionable risk reduction measures with 
specific performance goals formed the cornerstones of 
campaigns to generate the political will to achieve pub- 
lic acceptance and enable substantial investments to 
improve resilience. One key to the success of these cam- 
paigns was a San Francisco-based planning and urban 
research nonprofit organization that included citizens 


“One challenge...is to use 
science and engineering to...get 
communities back to business... 

after a seismic event.” 


and members of the business community as well as public 
policy, science, and engineering experts. This group led a 
dialogue to clearly define the attributes and performance 
measures of a resilient city subject to earthquakes. En- 
lightened leadership, both public and corporate, was also 
key to the success. After Loma Prieta, the area’s major 
utility and transportation providers designed programs to 
lower vulnerability and speed recovery after a quake, and 
invested more than $25 billion in upgrades to their criti- 
cal infrastructure, funded almost exclusively by local rate- 
payers and taxpayers. At the same time, over $30 billion 
has been invested by business and taxpayers in extensive 
retrofitting of commercial and public buildings and resi- 
dential structures. Mandatory 
seismic safety inspections and 
retrofit ordinances also have 
been passed in several com- 
munities. Over 100 local gov- 
ernments now work together 
to strengthen community re- 
silience, using measures such 
as financial incentives to up- 
grade buildings and public 
service systems, postdisaster 
governance plans, and inter- 
jurisdictional alliances. 

The citizens of Haiti, situ- 
ated directly adjacent to a 
major fault, were unaware of 
their risk and built homes that 
would collapse in an earth- 
quake. Chile recognized its 
seismic risk, developed strong 
building codes, and enforced 
them. The Bay Area’s robust 
high-tech economy gives it the 
capacity and public will, more 
than most, to invest more 
than $50 billion in resilience. 
However, there are valuable general lessons from the re- 
sponse to the Loma Prieta quake that can inform resil- 
ience building elsewhere. No-cost or low-cost measures 
such as broad engagement by the scientific and non- 
science communities working together to communicate 
risk and set recovery priorities and performance objec- 
tives; providing the public with actionable risk reduction 
measures; and forming regional governmental and com- 
munity alliances to implement science-informed policy 
are relevant to communities at risk everywhere. These are 
measures with a payoff that one cannot put a price on. 

- Mary Lou Zoback 
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An inside view of 
the complex skeleton 
of the scalyhead 
sculpin fish. 


AROUND THE WORLD 
Taiwanese research ship sinks 


TAIPE! | Two researchers died in the 
sinking of a $50 million, 2700-ton 
Taiwanese research ship in the Taiwan 
Strait on 10 October. The remaining 
people onboard, including 25 researchers 
and 18 crew members, were rescued. The 
Ocean Researcher V, the flagship research 
vessel of the Taiwan Ocean Research 
Institute, was 1 day into an 8-day expe- 
dition to study atmospheric pollution 
when it decided to return to port due to 
deteriorating weather conditions. Taiwan’s 
Ministry of Science and Technology is 
investigating; high waves and strong 
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6G |t lifts the last remaining cloud from the subject. 99 
Steven Aftergood of the Federation of American Scientists to The New York Times, 
on the release of newly declassified documents that further exonerate physicist 
J. Robert Oppenheimer, once suspected of being a Soviet spy. 


currents related to Typhoon Vongfang may 
have taken the vessel off course, where it 
struck a coral reef before capsizing. 


Protesters disrupt TMT ceremony 


MAUNA KEA, HAWAII | Dozens of native 
Hawaiians and non-Hawaiians gathered 
at the entrance to Mauna Kea summit 

on 7 October to protest the construction 
of the Thirty Meter Telescope (TMT), 
temporarily interrupting the planned 
groundbreaking ceremony (Science, 10 
October, p. 146). The protests came on top 
of years of delay due to concern over the 
construction of the $1.4 billion telescope 
on a mountain that is sacred to Hawaiians 
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See-through swimmer 


ust in time for Halloween comes this ghoulish portrait of 
a scalyhead sculpin fish, Artedius harringtoni, stained 
to highlight its skeleton (red) and cartilage (blue). The 
photo comes from the lab of Adam Summers, a bio- 
mechanics researcher at the University of Washington, 
Seattle, who studies how the skeletons of fish and other 
animals allow them to move, which can offer lessons for en- 
gineers and even animators. (Summers consulted on the film 
Finding Nemo.) The fish is among 12 images and videos chosen 
as winners in the third annual BioArt competition, sponsored 
by the Federation of American Societies for Experimental 
Biology in Bethesda, Maryland, “to share the beauty 
and excitement of biological research with the public,” 
according to the BioArt website. Other awardees in- 
clude striking microscopy images of cells—immune 
cells engulfing a fungal invader, the neat cells resem- 
bling bundles of hair that allow a chick to hear—and 
a Fantastic Voyage-like tour through the branching 
airways in a mouse’s lung. The winners will go on dis- 
play at the National Institutes of Health in Bethesda. 


and is home to more than a dozen 
telescopes. When it obtains first light, 
scheduled for 2022, TMT will be one of the 
most powerful ground-based telescopes 

in the world, allowing scientists to unravel 
the history of the first stars and galaxies 
and study dark matter and dark energy. 


Z machine moves toward fusion 


ALBUQUERQUE, NEW MEXICO | Researchers 
at Sandia National Laboratories in 
Albuquerque, New Mexico, using the lab’s 
colossal electric pulse generator, or 

Z machine, to heat and squeeze hydrogen, 
say they have detected significant num- 
bers of neutrons—byproducts of fusion 
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reactions—coming from the experiment. 
Reporting in Physical Review Letters last 
week, they detected about 2 trillion neu- 
trons coming from each shot. The result 
shows that a substantial number of reac- 
tions is taking place—100 times as many 
as the team achieved a year ago—but they 
will need 10,000 times as many to produce 
as much energy as needed to heat and 
contain the plasma. 
http://scim.ag/_Zmachine 


Scientists protest Europe cuts 


BRUSSELS | In an open letter published 
8 October, nine prominent science policy 
advocates from Spain, Italy, Greece, 
Portugal, France, Germany, and the United 
Kingdom have aired their grievances 
with what they called “the systematic 
destruction of national R&D infra- 
structures,” “drastic” budget and hiring 
cuts at research institutions and universi- 
ties, and an increasing emphasis on 
applied research. Signed by nearly 5000 
scientists, the open letter is part of a 
broader movement that includes a 3-week 
cycling tour around France and a series 
of meetings at major Italian universities. 
The protest is expected to culminate 
later this month with a march in Paris, a 
protest in Madrid, and a press conference 
in Rome. http://scim.ag/scientistmarch 


Antivenom patent case settled 


MEXICO ciTy | Rattlesnake bite victims 
in the United States may soon have their 
choice of antivenoms. The London-based 
pharmaceutical company BTG announced 
10 October that it had reached a settle- 
ment with Instituto Bioclon that will allow 
the Mexican company to sell its pit viper 
antivenom Anavip in the United States, 
pending Food and Drug Administration 
(FDA) approval. In October 2013, BTG had 
filed a complaint with the International 
Trade Commission claiming that Anavip 
infringed on BTG’s patent for Crofab, 
which remains the only FDA-approved 
treatment for pit viper bites (Science, 

3 January, p. 16). Many antivenom experts 
disagreed, citing differences in the com- 
panies’ formulas. Under the settlement, 
Anavip could be available in the United 
States beginning in 2018. BTG retains its 
patent and will receive royalties on sales of 
Anavip until exclusivity expires in 2028. 


Record-high Antarctic sea ice 


BOULDER, COLORADO | The National Snow 
and Ice Data Center (NSIDC) announced 
last week that the sea ice surrounding 
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Archaeologists return 
to Antikythera 


ne hundred and 14 years 

ago, sponge divers discovered 

a 2000-year-old shipwreck 

off the coast of the Greek island 

Antikythera; they began to recover 
its sunken treasures (including the 
clockwork device known as the Antikythera 
mechanism) but were thwarted by the depth of 
the waters, about 60 meters. This autumn, how- 
ever, armed with modern technology—specifically 
rebreathers, which scrub carbon dioxide from 
exhaled air and reintroduce oxygen—a team of 
international archaeologists has returned to the site. 
They created a 3D map of the wreck, possibly the 
largest ancient shipwreck ever discovered, and have 
recovered artifacts including a 2-meter-long bronze 
spear and a “‘lagynos” ceramic table jug. They also 
took the state-of-the-art Exosuit—a $1.3 million Iron 
Man-like suit in which divers can descend to up to 
305 meters—out for a test “spacewalk” (pictured). 


The Exosuit took its first 
spacewalk, suspended 
from the Hellenic Navy 

vessel THETIS. 
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Symbal Symbol 


League of SI Superheroes, assemble! 


These are no ordinary trading cards—they represent an elite group of international 
measurement units. The brainchild of the National Institute of Standards and 


Antarctica reached its maximum extent 

in 2014 on 22 September, at more than 

20 million square kilometers. That was 
also a record since satellite measurements 
began in the late 1970s. Scientists have 
suggested that changes in prevailing winds 
and in ocean wave magnitudes might be 
responsible for the growth of Antarctic sea 
ice in some parts of the Southern Ocean, 
even as Arctic sea ice rapidly shrinks. 
NSIDC notes that this year’s record might 
be related to changing wind patterns as 


well as melting of the continental ice sheet. 


The cold, fresh meltwater forms an extra- 
chilly layer on the ocean surface around 
the continent, favoring sea ice growth. 


Big awards to mine big data 


BETHESDA, MARYLAND | To tame the 
torrent of data churning out of biology 
labs, the National Institutes of Health 
(NIH) announced on 9 October $32 mil- 
lion in awards in 2014 to develop ways to 
analyze and use large biological data sets. 
The awards will fund 11 centers focused 
on developing tools for everything from 
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Technology (NIST), the league includes The Mole, Professor Second, 
Monsieur Kilogram, Ms. Ampere, Dr. Kelvin, Meter Man, and 
Candela. A video of their adventures first appeared at the USA 
Science & Engineering Festival this summer, but NIST 
has spruced it up a bit for National Metric Week 
(centered around the 1Oth day of the 10th month), 
lengthening it and adding voice-overs (Supplied 
mostly by NIST employees). NIST is now working on 
tie-ins aimed at middle school science teachers and 
students, including these trading cards and other 
educational materials. In their pilot episode (“Desperate 
Measures!”), the team helps a stranded girl by building her a 
new cellphone (http:/Avww.nist.gov/pml/metric-100614.cfm). 
Another crisis averted—thanks to the power of measurement! 


Mole, the SI unit for the amount of a substance, prepares to do battle. 


modeling cell signaling in cancer to inte- 
grating data from mobile sensors worn by 
volunteers in health studies. Others will sup- 
port brain data-collection efforts, including 
the ENIGMA project, which aims to unearth 
the genetic roots of psychiatric disorders. 
The awards will help maximize “the utility 
of the mammoth data sets that are emerging 
at an accelerated pace,” said NIH Director 
Francis Collins in a call with reporters. 


NEWSMAKERS 


Three Q’s 


Australia’s leading research agency, the 
Commonwealth Scientific and Industrial 
Research Organisation (CSIRO), has taken 
some heavy hits since the election of a con- 
servative government 
in September 2013. The 
agency lost 5.4% of 

its budget (AU$111.4 
million), up to 420 jobs 
will go by June 2015, 
and eight research facil- 
ities will be shuttered. 
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6% 


Growth from 1995 to 2013 in the 
number of most-cited papers 
published in lower tier journals, 
according to a study at arXiv.org 
based on Google Scholar metrics. 


$150 


thousand 


Asking price for the domain name 
Ebola.com, currently owned by 
Nevada-based Blue String Ventures, 
which specializes in buying and 
reselling domain names. 


135% 


Jump in methane emissions from 
venting and flaring of oil and gas 
wells on federal lands between 2008 
and 2013, according to the Center for 
American Progress. 


Newly appointed CEO Larry Marshall, an 
Australian physicist and Silicon Valley 
entrepreneur, faces a big challenge when 
he takes over next January from outgoing 
CEO Megan Clark—including reassuring 
skeptical staff that CSIRO won’t become 
an industry-driven think thank. 


Q: What’s at the top of your to-do list? 

A: Meeting everybody. I want them to get 
to know me, and I want to spend serious 
time at each major site. 


Q: The government is keen to build stronger 
links between CSIRO and industry. Where 
will you begin? 

A: Customer engagement. Opening the 
doors of CSIRO, obviously carefully because 
it’s a national treasure house of intellectual 
property, but we’re going to have to do that 
in some areas like information technology. 


Q: Where does fundamental research sit in 
the innovation process? 

A: They’e inextricably linked. It’s impos- 
sible to tell where fundamental research 
will lead. You have to trust the scientists. 
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For Venezuelan academics, 
speaking out is risky business 


Government attacks some, snares many in red tape 


By Lizzie Wade 


hen Angel Sarmiento discovered 
that eight patients had died of 
an unidentified fever in less than 
2 weeks in Maracay, the capital 
of Aragua state in Venezuela, he 
did what he was supposed to do: 
sound the alarm. In a press conference on 
11 September, the president of Aragua’s 
College of Physicians revealed the spate of 
deaths and declared, “We don’t know what 
we're facing.” But instead of applauding 
Sarmiento, Venezuelan President Nicolas 
Maduro accused the physician in a televised 
speech on 17 September of fomenting “psy- 
chological terrorism” and instructed his at- 
torney general to open a case against him. 
Sarmiento fled the country a few days later. 

The episode continues to reverberate in 
Venezuela, where intellectuals consider it a 
signal of the central government’s disdain 
for science and the medical establishment. 
“What they want is to silence all of us,’ says 
Feder Alvarez, a pediatrician and secretary 
of Aragua’s College of Physicians. “They’re 
not just persecuting Angel. They’re persecut- 
ing the medical community.” 

Scientists, too, feel beleaguered. Objec- 
tivity and critical thinking—key values of 
science—“are very much at odds with the 
prevailing winds” in Venezuela, says Ricardo 
Hausmann, a Venezuelan economist who 
teaches at Harvard University. Last month, 
Hausmann found himself accused by Maduro, 
again on national television, of conspiring 
against the government after publishing a 
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syndicated op-ed about the country’s dire 
economic straits titled “Should Venezuela 
Default?” Hausmann worries that if he were 
to return to Venezuela, he could face months 
or years in prison, even before standing trial. 

Within the country, scientists must cope 
with byzantine rules. The central govern- 
ment wants “control over every step” of an 
experiment, says a university-based molecu- 
lar biologist who requested anonymity. For 
ecological fieldwork, collecting areas must 
be strictly specified in advance. For experi- 
ments of any sort, researchers must fill out 
forms every 6 months articulating the prog- 
ress they’ve made toward predetermined 
goals, with little flexibility to follow new 
threads, the biologist laments. 

Whenever scientists want to sequence 
nonhuman DNA, they must apply for per- 
mission from the country’s environment 
ministry in the form of a contract for access 
to genetic resources. The government says 
that the requirement protects Venezuela’s 
biodiversity and indigenous knowledge from 
capitalist exploitation. “Out of 11 contracts 
I’ve applied for, they’ve granted two,’ the 
biologist says. Because phylogenetics and 
other evolutionary studies require sequenc- 
ing many related organisms, such studies 
are little more than pipe dreams for scien- 
tists at Venezuelan universities. 

“T have to decide,” the biologist says, “am 
I willing to spend my entire life filling out 
forms, asking permission, waiting for years, 
and in the end still be subject to the latent 
threat of fines or imprisonment if I access 
genetic resources I didn’t originally ask per- 
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Venezuelan President Nicolas Maduro took to 
the airwaves last month to accuse a physician of 
“psychological terrorism.” 


mission for?” Sequencing human DNA is 
simpler, however, requiring no official per- 
mission. That opens the way to certain kinds 
of medical diagnostics and other tests—and 
may also make it easier for the central gov- 
ernment to maintain a forensic database, the 
biologist says. 

Some observers trace the persecution of 
scientists to the populist government's dis- 
trust of intellectuals. “The authority that 
comes from knowledge tends to be stubborn 
and irreverent, so [in Maduro’s eyes] it’s bet- 
ter that it’s crushed,” Hausmann says. 

Since Sarmiento left the country, the Ara- 
gua outbreak has come into sharper focus. 
Last month, three doctors affiliated with the 
Central University of Venezuela announced 
that the unidentified fever is chikungunya, 
a mosquito-borne disease that is spreading 
in the Americas. “There is no mystery here,” 
says Gustavo Villasmil, health minister of 
the state of Miranda. Weeks ago, he says, an 
independent lab confirmed that six of the 
first eight patients who succumbed to the fe- 
ver tested positive for chikungunya. Because 
the disease has a mortality rate of about one 
in 1000, those fatalities are likely the “tip 
of the iceberg” of a widespread outbreak in 
Venezuela, says Julio Castro, health minister 
of the municipality of Sucre. 

“We're hoping there will come a moment 
when the central government understands 
that there’s no sense in denying the situa- 
tion,” Villasmil says. Hausmann is pessimis- 
tic: “They don’t perceive [the epidemic] as a 
problem of public health. They perceive it as 
a problem of public opinion.” As of 14 Octo- 
ber, chikungunya infections and deaths were 
not being reported in the federal health min- 
istry’s weekly epidemiological bulletin. 

Villasmil, a member of the political op- 
position who has stated boldly and publicly 
that Venezuela is in the throes of a chikun- 
gunya epidemic, says he can’t help looking 
over his shoulder. “Here, you can never re- 
ally calm down,” he says. “That’s the problem 
with police states.” & 
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‘Nonadherence’: A 
bitter pill for drug trials 


Drug developers seek new ways to ensure that 


subjects take their medicine 
By Kelly Servick 


hil Skolnick calls it “the crazy uncle 

in the attic that nobody likes to talk 

about.” Last week in Boston, at a 

meeting on clinical trials for central 

nervous system treatments, he and a 

small number of drug researchers dis- 
cussed how to deal with that crazy uncle— 
the fact that many people in drug trials stop 
taking their experimental medicines or don’t 
take them as prescribed. 

That’s a major problem for drug devel- 
opers, and for Skolnick, who directs the 
Division of Pharmacotherapies and Medi- 
cal Consequences of Drug Abuse at the Na- 
tional Institute on Drug Abuse in Bethesda, 
Maryland. People who don’t adhere to the 
expected drug regimen—because of unpleas- 
ant side effects, for example—can diminish 
the observable effects of the experimental 
treatment, or even mask side effects. “If 
youre going to spend millions of dollars of 
taxpayer money” on funding a trial examin- 
ing a drug’s safety or benefits, he says, “you 
should at least try to test the hypothesis.” 

The conventional wisdom in drug devel- 
opment holds that enrolling enough trial 
subjects can counteract low adherence rates, 
Skolnick says. But after watching studies 
flounder due to nonadherence, some drug 
developers are seeking other solutions, from 
pill-tracking technologies to trial designs 
that encourage adherence. 

Even measuring the scope of the problem 
is a challenge. Most drug trials rely on par- 
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ticipants’ self-reports or a periodic count 
of how many pills have been used up from 
each patient’s supply, Skolnick says, and 
those measures have often turned out to be 
misleading. While investigating a new an- 
tidepressant when he was a researcher at 
DOV Pharmaceutical Inc. 6 years ago, for 
example, Skolnick found an adherence rate 
of 92% using pill counts. But when blood 
samples were tested for levels of the drug, 
only 70% of the trial subjects met the mini- 
mum requirements for compliance, which 
could have diminished the drug’s appar- 
ent performance in the trial. At last week’s 
workshop, put on by the International So- 
ciety for CNS Clinical Trials and Methodol- 


When these pills are ingested, the chip 
on them sends a wireless signal. 


ogy (ISCTM), many researchers had similar 
experiences to share. 

“It’s very uncomfortable to grapple with 
this, because I think it challenges the way 
we go about our business,” says psychia- 
trist Robert Alexander, who works on drug 
development at AstraZeneca in Cambridge, 
Massachusetts. He and colleagues there are 
preparing a paper that reports an average 
nonadherence rate of roughly 20% across 
eight recent AstraZeneca psychiatry studies, 
based on testing drug levels in blood. 

But even blood or urine tests can only of- 
fer a snapshot of medication use, not a re- 
cord of dosing patterns over time, Skolnick 
notes. To keep closer tabs on patient behav- 
ior, some studies rely on a so-called medica- 
tion event monitoring system (MEMS). First 
developed in the 1980s, the system uses a 
microchip in the cap of the pill bottle to re- 
cord when the bottle is opened and closed. 
A 2012 review of 95 clinical trials from 
the iAdherence database, which compiles 
MEMS dosing histories, found that 20% 
of patients had completely stopped taking 
their medication by day 100 of their trial, 
and 12% of those still participating omitted 
their dose on that particular day. 

The study also confirmed what many in 
drug development have observed: Trials for 
psychiatric drugs have particularly low ad- 
herence. That’s in part because these drugs 
tend to have many side effects, and because 
people with mental illness are often less 
than enthusiastic about being put on a drug 
to begin with, says Terrence Blaschke, a 
clinical pharmacologist at Stanford Univer- 
sity in Palo Alto, California, and lead author 
on the study. 

Some trial subjects are deliberately decep- 
tive, says psychiatrist Thomas Shiovitz, a 


(Not) following doctors’ orders 


Electronic monitoring data from 95 clinical studies of drugs show declines in both trial 
participation and adherence to prescribed doses. 
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principal investigator at the clinical trial site 
California Neuroscience Research Medical 
Group in Sherman Oaks, California, who co- 
chaired the ISCTM workshop. Alarmed by 
the number of subjects popping up in multi- 
ple studies he ran, Shiovitz began in 2011 to 
compile a database of people who enroll or 
go through screening with his drug sponsor 
clients and at other nearby trial sites. 

Earlier this year, one man who came to 
enroll in a new schizophrenia study was 
flagged as a duplicate; he had visited at least 
seven trial sites in the last 12 months. He ad- 
mitted that his strategy was to enroll in sev- 
eral schizophrenia trials, but take only the 
pills that made his head feel clearer. Either 
way, he got a stipend for participation, and 
reported to each trial that he was taking only 
the prescribed drug, in regular doses. 

Shiovitz encourages his sponsors to pre- 
screen for these duplicate subjects, which he 
estimates to make up 5% to 10% in trials for 
central nervous system drugs. “Scientists of- 
ten don’t take into account when they design 
their elegant studies that the subjects are 
real people who act in their own interest, for 
money or to feel better,’ Shiovitz says. Pro- 
ducing good, clean data for the investigators 
is “not their goal.” 

Some investigators are trying to track the 
very act of taking a drug, embedding in each 
pill a microchip that sends a wireless signal 
to a wearable device when ingested. One sys- 
tem, developed by Proteus Digital Health, 
has approval from the U.S. Food and Drug 
Administration and will be made commer- 
cially available this month. 

But once enrolled, these nonadherent 
subjects can’t simply be excluded from the 
post-trial analysis, says Craig Mallinckrodt, 
a statistician at Eli Lilly in Indianapolis and 
a member of the ISCTM working group on 
nonadherence, which plans to put out a 
white paper on the problem by 2016. Ignor- 
ing those people could create a bias of its 
own, because they may also be the ones who 
have negative effects from the drug. “At the 
end of the day,’ Mallinckrodt says, “you can 
only speculate about what would have hap- 
pened had the patients adhered.” 

A 2010 report from the National Acad- 
emies’ Committee on National Statistics 
encouraged investigators to think about 
strategies that may help well-intentioned 
trial participants stick to a drug regimen. 
Shorter trials with less complicated dosing 
instructions could help, for example. 

Stanford’s Blaschke suggests much could 
be gained by better communicating the pur- 
pose of the trial, and the importance of fol- 
lowing through with medication. Although 
databases and surveillance can spot the of- 
fenders, he says, “many of us feel that the 
problem is much bigger than that.” m 
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INFECTIOUS DISEASES 


Ebola vaccine 
trials raise 
ethical issues 


Randomized studies may 
offer fastest answer 


By Jon Cohen and Kai Kupferschmidt 


ome January, as many as 20,000 

doses of an Ebola vaccine candi- 

date may be ready for testing in 

the unprecedented epidemic racing 

through West Africa. The vaccine— 

and another one whose development 
is 6 weeks behind—could bring hope to a 
desperate, panicked population. Indeed, 
some scientists believe that the epidemic 
has grown so large that vaccines will be es- 
sential to stopping it. But difficult questions 
are now emerging about 
how to design clinical 
trials, who should be 
the first to get the shots, 
and when to begin mass 
production. 

Until recently, many 
scientists said that with 
Ebola, it wouldn’t be 
ethical to use the stan- 
dard procedure for test- 
ing a vaccine’s efficacy: 
so-called randomized 
controlled trials (RCTs), in which some 
trial subjects are assigned to a control 
group that doesn’t receive the actual vac- 
cine. At a consultation held by the World 
Health Organization (WHO) on 29 to 30 
September, however, there was unexpect- 
edly broad support for the RCT design after 
all—but not from Doctors Without Borders 
(MSF), which is playing a huge role in the 
current outbreak. 

On 2 September, one of the vaccines, 
made by pharmaceutical giant GlaxoSmith- 
Kline (GSK) of Rixensart, Belgium, in col- 
laboration with the National Institute of 
Allergy and Infectious Diseases (NIAID), 
entered phase I trials, which test safety 
and immune responses in a small number 
of healthy volunteers. Preliminary results 
could be available as early as November. 
Similar studies for the other vaccine, de- 
veloped by the Public Health Agency of 
Canada and produced by NewLink Genetics 
in Ames, Iowa, were launched 13 October, 
with early results expected in December. 


way to go.” 
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“T suddenly saw a real 
double-blinded trial 
with another vaccine 
as the control was the 


Ira Longini, Unive 


If the vaccines do not cause harm and 
trigger the immune response scientists 
hope to see, WHO has recommended jump- 
ing straight into what amount to phase III 
efficacy tests in Liberia, Guinea, and Sierra 
Leone, the three hard-hit countries. It’s an 
extraordinary, unprecedented gamble to 
move so quickly—but one that WHO con- 
sultants say is warranted by Ebola’s ex- 
treme threat. 

In RCTs, half of the participants are ran- 
domly assigned to receive the experimental 
shot and the other half a dummy, or pla- 
cebo; ethicists say that’s OK if it’s unclear 
whether the vaccine will help, do nothing, 
or cause harm. If significantly more people 
in the placebo arm develop disease, the 
vaccine works. But animal experiments 
suggest the Ebola vaccines could well offer 
protection; keeping them from workers fac- 
ing a disease as deadly as Ebola is unethi- 
cal, some say. 

The leading alternative is a trial design 
known as stepped-wedge, which takes ad- 
vantage of the inescapable reality that a 
large-scale study can’t give everyone the 
vaccine on the exact same date. Stepped- 
wedge trials compare 
the rates of infection in 
people already  vacci- 
nated with those who 
have yet to receive the 
shots. “People are more 
comfortable” with this 
setup because everyone 
in such a study gets 
the Ebola vaccine, says 
Barney Graham, a virol- 
ogist at NIAID in 
Bethesda, Maryland, who 
attended the WHO meeting. 

But at the meeting, Ripley Ballou, who 
heads the Ebola vaccine project for GSK, 
argued for an RCT—although the placebo 
would be replaced with an “active control,” 
a proven vaccine (for instance, against hepa- 
titis B) that would at least protect partici- 
pants against another virus. An RCT, Ballou 
argued, offers the fastest, most acceptable 
route to determining whether a vaccine is 
safe and effective, and thus would poten- 
tially save the most lives. 

Ballou described a randomized study in 
which 2500 people, probably health care 
workers, would receive the vaccine and 2500 
an active control. He stressed that his team 
at GSK had many unknowns to wrestle with, 
including health care workers’ infection 
risk, which they estimated at 10% per year 
spent in contact with Ebola patients. As- 
suming this is correct, and that the vaccine 
works at least 80% of the time, researchers 
could be “absolutely confident” about effi- 
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cacy after 30 infections, which would likely 
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occur within 3 months, Ballou says. A vac- 
cine that had 60% efficacy could still yield 
an answer with fewer than 60 infections. 

That’s much faster than a stepped-wedge 
design, he contends. Such a study would en- 
roll participants at the same point in time, 
but would stagger distribution of vaccine, 
say, to different Ebola treatment units. But 
researchers would still have to observe the 
different communities from the same start 
date, introducing delays and making it 
harder to tell whether the vaccine works. 
Infection rates might change over time, too, 
complicating the analysis. 

Ballou didn’t win over MSF. “Studies on 
efficacy in affected countries and more so in 
at-risk populations should not have a pla- 
cebo or active control arm as this cannot be 
defended ethically,’ says Annick Antierens, a 
meeting attendee who oversees experimen- 
tal Ebola products for MSF. Antierens says 
MSF would support other Ebola vaccine ef- 
ficacy trial designs, but would not specify 
which ones. One idea is to just distribute 
vaccine to health care workers and then do 
an “observational” study that does not have 
a control group but compares vaccination 
status in those who became ill to those who 
did not. 

But most meeting participants sided with 
Ballou, says Ira Longini, a biostatistician 
from the University of Florida in Gainesville. 
Longini changed his planned talk on the 
stepped-wedge design after Ballou spoke. “I 
suddenly saw a real double-blinded trial with 
another vaccine as the control was the way 
to go,’ he says. Marie-Paule Kieny, a WHO 
assistant director-general, says “the meeting 
was quite tense at moments,” but that there 
ultimately was “broad agreement” on this 
design. “Rip’s study made sense,” Kieny says. 

Jeremy Farrar, an infectious disease re- 
searcher who heads the Wellcome Trust in 
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London, cautions that people on the front 
lines of Ebola may disagree. An RCT may 
yield results faster, but if it’s simply unaccept- 
able for trial participants, a stepped-wedge 
design is preferable. “If you were there to- 
morrow and you were a health care worker, 
would you be willing to be in a control arm, 
when the next 3 months you will be looking 
after patients with Ebola?” Farrar asks. “I 
don’t want us to have months of discussions 
about the best way of handling this.” 

The 20,000 doses of the GSK vaccine that 
may be ready by January—double earlier 
projections—could be enough for several tri- 
als, which might allow different groups of 
participants to enroll in different designs. 
“T would do all these trials simultaneously,” 
Longini says. 

Before the trials are launched, health 
officials also need to decide who should 
participate. An August WHO consultation 
recommended that efficacy trials first recruit 
health care workers, as they are at high risk 
and provide a critical service. But the latest 
meeting “stopped talking about health care 
worker and started talking about front-line 
caregiver,’ Ballou says, which means every- 
one from doctors and nurses to janitors, peo- 
ple who collect the bodies, and gravediggers. 

The next issue is when to scale up produc- 
tion. Many researchers, including Longini, 
argue that massive production of Ebola vac- 
cines should begin as soon as positive phase 
I data exist, to increase the likelihood that 
shots will be widely available when the evi- 
dence from the phase III study comes in. 
“Td pull out all the stops,’ Longini says. “I’d 
try to make 30 to 40 million doses to cover 
at-risk West African populations.” Farrar 
agrees. “We may come to regret that we have 
to throw those vaccines away if they prove 
not to be effective,” Farrar says, “but I think 
that is a risk we have to take.” m 
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Liberian nurses pick up a dead body from the 
ts waping area of a hospital in Monrovia. 
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NOBEL PRIZES 


Light loophole 
wins laurels 


Chemistry prize winners 
pushed microscopes past 
supposed limit 


By Daniel Clery 


or more than 100 years, microscopists 
were stymied by a law of nature—or 
so they thought. The so-called dif- 
fraction limit meant that optical im- 
ages could never reach a resolution 
finer than half a wavelength of light, 
and the fine details of living things would 
be forever blurry. Then, beginning in the 
late 1990s, three scientists found a way to 
blast through that limit. Their techniques, 
all based on getting the specimen itself to 
absorb and emit light, have won them this 
year’s Nobel Prize in chemistry. 
Microscopists told Science they are de- 
lighted about the award, announced on 
8 October, which went to Eric Betzig of the 
Howard Hughes Medical Institute in Ash- 
burn, Virginia; Stefan Hell of the Max Planck 
Institute for Biophysical Chemistry in Gottin- 
gen, Germany; and William Moerner of Stan- 
ford University in Palo Alto, California. “It’s 
very well deserved,” says Michelle Peckham, a 
cell biologist at the University of Leeds in the 
United Kingdom and a council member of 
the Royal Microscopical Society. “It’s opened 
up the horizons of microscopy to new tech- 
niques, especially in the biological sciences.” 
The so-called Abbe diffraction limit had 
condemned things smaller than about 
0.2 micrometers—including bacteria, cel- 
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Setting specimens aglow makes 
possible extreme close-ups such as 
this image of mouse nuclei. 


lular organelles, and viruses—to looking at 
best blurry and indistinct in visible light 
micrographs. The three new Nobelists over- 
came that limit through fluorescence, coax- 
ing objects to reveal details by emitting their 
own light. 

In the late 1980s, Moerner, then at IBM’s 
Almaden Research Center in San Jose, Cali- 
fornia, was trying to develop a novel opti- 
cal data storage technique. Along the way, 
he and his colleagues improved their lasers 
and detection equipment enough to track the 
light absorption spectra and fluorescence of 
single molecules. Those studies revealed that 
the wavelength of light given off by individ- 
ual molecules can shift as molecules dance 
around, an insight that made possible later 
imaging developments. 

Hell developed his technique, called 
stimulated emission depletion microscopy, 
in 2000. It uses a laser beam to excite mol- 
ecules to glow and a second beam to cancel 
out all fluorescence except within a volume 
just nanometers across—hundreds of times 
smaller than a wavelength of light. 

Shortly thereafter, Betzig 
developed a different method 
known as single-molecule local- 
ization microscopy. Instead of 


turning off unwanted fluores- microscopy" 

cence, his technique excites tse. 
: js : Eric Betzig 

lectively, using a precisely tuned 

laser to tickle just a single kind 


of biological molecule at a time. 
By separately imaging molecules 
that have different distributions 
in a sample, then superimposing the sepa- 
rate images, the technique can build up a 
complete picture of the structure. Betzig 
demonstrated the method for the first time 
in 2006 and described it in a paper in Science 
(11 August 2006, p. 748). 

Hell told the Nobel press conference on 
8 October by phone from Germany that he be- 
gan working on the problem when he became 
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“for the development 
of super-resolved 
fluorescence 


Stefan W. Hell 


William E. Moerner 


bored by the conventional 
problems of microscopy 
and wondered if this seem- 
ingly unbreakable limit 
could be breached. “I was 
attracted to the problem. 
I eventually realized there 
was a way,’ he said. At first, 
Hell added, other scientists 
couldn’t believe his new 
approach had cracked a 
problem that had vexed 
researchers since Abbe’s 
work in 1873. “I realized 
you don’t overcome the 
limit by changing the 
waves of light; you over- 
come it by playing with 
the molecules.” 

The implications were revolutionary. Us- 
ing electron microscopes, researchers had 
been able to observe only specially prepared 
dead specimens. The ability to produce vis- 
ible light images at a resolution of tens of 
nanometers meant they could now study 
biological molecules in living organisms. “I 
am thrilled by this,’ says Catherine Lewis, 
director of the cell biology and biophysics 
division at the National Institute of General 
Medical Sciences in Bethesda, Maryland. 
“Because these techniques allow research- 
ers to monitor molecular movements over 
time, they are becoming very important for 
understanding things such as metastasis in 
cancer, and the way viruses enter cells and 
where they go.” 

Some researchers noted that, coming so 
soon after the techniques’ discovery, the 
award contrasted with the Nobels’ usual 
stately pace. “It’s still quite new. It’s only 
just starting to be adopted in the lab,” says 
Leeds’ Peckham. Susan Cox, a biologist at 
King’s College London, agrees. “These three 
people are very worthy recipi- 
ents,” she says. “But we're still at 
the start. It’s a little messy, and 
the technological development 
is happening as the scientific re- 
sults are coming in.” 

Microscopists were quick to 
develop variants of the Nobel- 
winning techniques, with a 
bewildering array of acronyms— 
SPDM, SPDMphymod, STORM, 
PALM, dSTORM, fPALM, SOFT, 
and SIM—but they remained too expensive 
and technically difficult for many biology 
labs, Cox says. In recent years, however, 
major optics manufacturers have begun 
producing off-the-shelf systems. “That’s the 
critical thing,” Cox says: “being able to push 
the button, and it just works.” & 


With reporting by Robert F. Service. 
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Regulating 
industry's 
big boys 


French economist Jean 
Tirole is honored for his 
analyses of oligopolies 


By Tania Rabesandratana 


ig companies make their own rules— 
but they can still be regulated. That 
insight earned Jean Tirole, scientific 
director at the Industrial Economic 
Institute at the Toulouse School of 
Economics in France, the 2014 Nobel 
Prize in economics. Tirole’s influential anal- 
yses of oligopolies, industries dominated by 
a few large firms, helps answer the question: 
“What sort of regulations and competition 
policy do you want 
in place so that large 
and mighty firms wil ~ | j 
act in society’s best oe ae . 
interest?” said Tore regulation” 
Ellingsen, chair ofthe - 
prize committee. 

Until the 1980s, 
regulation researchers sought simple rules 
that could apply to every industry. They 
often dealt with two extreme situations: 
single monopolies or perfect competition. 
Tirole instead used mathematical model- 
ing from game theory and contract theory 
to describe how giant firms react and in- 
teract under various conditions. He also 
provided tools to deal with so-called asym- 
metric information, when public authori- 
ties have less information than the firms 
they are trying to regulate. 

Tirole has never shied away from giv- 
ing practical policy recommendations, says 
Reinhilde Veugelers, an economics profes- 
sor at the University of Leuven in Belgium 
and senior fellow at the Bruegel think tank 
in Brussels, adding that his work is highly 
relevant to current debates on the regulation 
of telecoms, banking, and energy markets. 

Indeed, Joaquin Almunia, the European 
commissioner for competition, praised 
Tirole’s influence on the regulation of com- 
pany mergers, among other topics, in a 
statement on Monday. “We owe Jean Tirole 
so much,” Almunia said. 

For a longer version of this story, see 
http://scim.ag/econNobel. & 


Jean Tirole 
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By Elizabeth Pennisi, 
in Amboseli National Park, Kenya 


everal yellow baboons are sit- 
ting on their haunches pulling 
up grass, tearing off the stems, 
and shoving the corms into their 
mouths. The scene looks sleepy— 
but a frisson of sexual tension is 
in the air. Glenn, the troop’s domi- 
nant male, clearly has eyes for 
Hokey, whose swollen rear end 
means she’s ready to mate. He’s hanging out 
nearby, hoping to get lucky. 

Suddenly a commotion erupts; squealing 
baboons are mixing it up in a cloud of dust. 
Within a few heartbeats it’s over. Hokey 
ambles away, grunting. Was she hurt? I ask. 
No, says Kinyua Warutere, a tall, unassum- 
ing Kenyan who has spent much of the past 
20 years observing baboons here on the sa- 
vanna northwest of Mount Kilimanjaro. He 
recounts in detail what to me had been a 
blur. Wily old Lobo had coaxed three other 
males to charge Glenn, then grabbed Hokey 
and mated with her. Hokey’s grunt was her 
copulation call. To my astonishment, Glenn 
had lost his fertile female to a middle-aged 
has-been. 

Similar play-by-play details, captured 
painstakingly over 43 years and combined 
with a wealth of genetic and physiological 
data, have brought renown to the Amboseli 
Baboon Research Project. Begun by Stuart 
and Jeanne Altmann, a husband-and-wife 
team, the project is the world’s longest run- 
ning baboon study, and it set a standard 
for behavioral fieldwork 40 years ago when 
Jeanne devised a method of making system- 
atic observations now implemented world- 
wide. “They have transformed the field,” says 
Larissa Swedell, a primatologist at Queens 
College of the City University of New York 
who has studied baboons elsewhere in Africa. 

Many other primate researchers have 
gravitated to baboons, which spend most of 
their time on the ground and thus are easy 
to observe. Robert Sapolsky, a neuroscientist 
at Stanford University in Palo Alto, Califor- 
nia, for example, has explored social inter- 
actions and stress in the animals, a theme 
of his captivating 2002 book, A Primate’s 
Memoir: A Neuroscientist’s Unconventional 
Life Among the Baboons. Other teams have 
also studied baboons over the years. But 
none can match the decades of cradle-to- 
grave observations at Amboseli, which have 
yielded what Sapolsky calls “stunningly 
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large and detailed data sets stretching over 
decades,” from which a varying cast of re- 
searchers “mine incredibly subtle, interest- 
ing behavioral findings.” 

Some of those findings lay bare the work- 
ings of baboon troops, showing how conflict, 
habitat loss, predation, and drought shape 
the lives of these Old World primates. The 
work is also ever more relevant to our own 
species. Amboseli researchers are probing 
how baboons age to understand why women 
outlive men but are apparently sicker over 
the course of their lives. They’re dissecting 
how social relationships among baboons 
influence longevity, and they are using new 
molecular tools to document the interplay 
between behavior and two hot research ar- 
eas: epigenetics and the microbiome. And 
in an extraordinary new twist, Amboseli is 
helping peel away the mystery of a decades- 
old human catastrophe. 


IN THE FINAL MONTHS of World War II, 
the German-occupied Netherlands cut food 
rations to less than one-quarter of normal ca- 
loric levels. Some 4.5 million people starved, 
and 18,000 died. To assess the famine’s long- 
term toll, researchers in 2001 tracked down 
2400 babies born in an Amsterdam hospital 
between 1943 and 1947. They discovered that 
the famine babies—those born in the winter 
of 1944 to 1945—suffered higher rates of dia- 
betes, heart disease, obesity, and other ills in 
later life than babies born earlier or later. 

Scientists have floated two possible expla- 
nations. One holds that the harsh conditions 
crippled embryonic development, cheating 
children out of a healthy life. The other idea 
holds that malnutrition during development 
tweaked the metabolism, brain function, 
and circulatory system of famine babies as 
a coping mechanism for starvation. Later, 
when food was abundant, those adaptations 
went awry and led to illnesses. That idea, 
says Laura Clamon Schulz, a reproductive 
physiologist at the University of Missouri, 
Columbia, “is one of the most provocative 
and difficult to test in the field.” 

A catastrophe offered the Amboseli team 
a chance to evaluate what happens when 
food runs short for pregnant baboons and 
their infants. After a dry year in 2008, severe 
drought hammered East Africa in 2009, tak- 
ing a heavy toll on wildlife. Most baboons 
survived, but females stopped ovulating and 
some infants starved to death. The next year 
brought record rains. 

Now, those infants are fully grown. If 
starvation prepared them for lean times in 
adulthood, then those born in 2009 should 
do better in later drought years than those 
born in 2010. But if conditions when they 
were in the womb left them physiologically 
damaged, they would do worse in later 
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hard times—and that’s what was observed. 
Susan Alberts, Jenny Tung, and graduate 
student Amanda Lea, of Duke University in 
Durham, North Carolina, first compared the 
reproductive success of female baboons born 
during the 2009 drought with those born 
in years in which food and water were not 
scarce. During later dry years, they found, 
baboons born in 2009 were less likely 
to conceive and much slower to resume 
menstruation. (Female baboons become 
sexually mature at age 4.5.) 

Now, the Amboseli team is factoring in 
other stresses, such as social status or loss of 
a parent. Infants experiencing three or more 
stressors in their first year of life tend to die 
a year or two earlier than those who led a 
charmed infancy, Tung says. Alberts, Tung, 
and Lea also found that drought-year infants 
born to high-ranking mothers do better dur- 
ing subsequent droughts than those born to 
low-ranking females, perhaps because they 
get more food and are less harassed. 

The findings suggest that infants who were 
malnourished in the 2009 drought suffered 


Babies born during the Dutch “Hunger Winter” of 
1944 to 1945 had health problems as adults. Findings 
from Amboseli may help explain why. 


irreversible physiological changes. They also 
support a converse idea, the silver spoon 
hypothesis, which holds that “kids born in 
really good years to high-ranking moms do 
much better, Tung says. The same effects 
could explain the patterns seen after the 
Dutch famine. “I can certainly see the paral- 
lel between the baboon study and ours,” says 
Tessa Roseboom, an epidemiologist at the 
Academic Medical Center in Amsterdam who 
studied the fate of the famine babies. “This is 
a fascinating story.” 

Like Roseboom’s group, the Amboseli re- 
searchers are now trying to unravel the mo- 
lecular causes of these long-lasting effects. 
Suspecting the subtle hand of epigenetics— 
which modifies gene activity without altering 
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a DNA sequence—they are sizing up differ- 
ences in patterns of methylation, in which the 
attachment of methyl groups to DNA can si- 
lence nearby genes. They compared baboons 
subsisting on wild foods with those that live 
near a tourist lodge and feast on calorie-rich 
garbage. Lodge baboons are known to forage 
less and have 20% body fat compared with 
the usual 2%, high cholesterol, and bad teeth. 
The pilot study of 66 males in the two 
troops revealed significant differences in 
methylation, Lea reported in May at the Bi- 
ology of Genomes meeting in Cold Spring 
Harbor, New York. Most intriguing are differ- 
ences affecting a gene called PFKP that re- 
sponds to insulin and is involved in breaking 
down sugar, and a gene called KCNIP4 that 
seems to play a role in human obesity. The 
researchers suspect that dietary shifts trigger 
epigenetic changes that affect the activity of 
these genes, although they don’t know how 
these changes play out in baboon health. 


SUCH CUTTING-EDGE STUDIES wouldn’t 
be possible without detailed data on the 
life histories and behavior of the more than 
1500 baboons monitored over the decades at 
Amboseli. And those data are the fruits of a 
methodology pioneered by Jeanne Altmann. 
When she arrived with Stuart in Kenya in 
1963, she could not have imagined immers- 
ing herself in the world of baboons. The 
behavior she planned to watch was that of 
her toddler, Michael. Stuart, however, had 
planned to spend a year studying baboon 
communication, so the Altmanns struck out 
in search of a field site. Baboons at Nairobi 


Jenny Tung, part of the third generation of women 
running the Amboseli project, collects a fecal sample. 
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National Park had adapted to tourists, so the 
couple settled on Amboseli, where open sa- 
vanna and passable terrain allow for easier 
fieldwork, and the baboons were not per- 
turbed by their presence. 

After the Altmanns returned to the United 
States in 1964, Jeanne resumed her under- 
graduate studies (in math) and worked part 
time as a computer programmer. But her 
Kenya experience had kindled an interest in 
baboons, and eventually, egged on by Stuart, 
she began pondering how to reduce biases in 
observational studies. 

Researchers of the time tended to jot 
down whatever caught their eye. With that 
approach, “the biggest, flashiest individuals 
doing the most dramatic things are going to 
be disproportionately recorded,” says Jeanne, 
now a professor emeritus of behavioral ecol- 
ogy at Princeton University. In 1974, she pub- 
lished a method of observing individuals in 
a predetermined random order for preset 
lengths of time, greatly reducing bias. 

The paper may be the most cited in animal 
behavior, says Karen Strier, a behavioral ecol- 
ogist at the University of Wisconsin, Madi- 
son, who has studied New World monkeys 
for decades. “It was a bible for me.” 

Jeanne Altmann also drove a shift of fo- 
cus away from male baboons. In 1975, she 
began observing females and discovered the 
intricate links between social relationships 
and raising offspring. That work earned her 
a Ph.D. in behavioral sciences just in time 
for her son Michael’s high school gradua- 
tion. More recently, Amboseli researchers 
have found that higher ranked females have 
more offspring, on average, than lesser peers 
and that their young mature faster, creating 
larger lineages. But rank isn’t everything: No 
matter what a female baboon’s status, having 
friends correlates to a longer lifespan—and 
it’s even better if some friends are males, Am- 
boseli researchers reported last month in the 
Proceedings of the Royal Society B. 


LIKE MOST AMBOSELI NEOPHYTES, I 
find it impossible to tell the baboons apart. 
But Raphael Mututua, who keeps the Am- 
boseli project running smoothly, is on a 
first-name basis with all 300-odd baboons. 
He and his colleagues have honed “baboon 
eyes”: an ability to recognize individuals and 
notice subtle changes in behavior. With time, 
Mututua says, “you see them like you see hu- 
man beings.” He coaches me in coat color, 
tail shape, facial characteristics, posture, and 
other features. My 2 days in the field are far 
too few to get the hang of it. 

Susan Alberts also has baboon eyes—and 
a penchant for molecular studies. As Jeanne 
Altmann’s graduate student, she and 
Altmann in 1989 decided that the project’s 
voluminous behavioral observations would 
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The baboon chronicles 
Amboseli researchers have monitored 
their subjects for 40 years. 


-- 1963-4 
Jeanne and Stuart Altmann study baboon 
ecology in Kenya, mostly at what is now 
Amboseli National Park 


[- 1971 
The Altmanns return to Amboseli and 
launch what became a long-term study 
of a baboon troop called Alto’s Group 


[- 1974 
Jeanne Altmann publishes a 
methodological study that sets the 
standard for behavioral observations 


[- 1980 
The project expands observations to 
a second troop, Hook's Group 


r- 1981 
Raphael Mututua becomes the first of 
three Kenyan field assistants 


[- 1984 
The project's first Kenyan student, 
Philip Muruthi, joins; he goes on to 
complete a Ph.D. 


Susan Alberts joins project as an 
assistant; she, too, completes 
a Ph.D. 


t- 1989 
Blood sample collection begins, leading 
to papers on the influence of social 
factors on behavior and physiology 


[- 1994 
Fecal sampling starts, enabling larger 
sample sizes for hormone and DNA studies 


t- 2003 
Amboseli team discovers that male 
baboons can identify their own offspring 
and that friends matter for females 


t- 2009 
Severe drought forces baboons to spend 
much of their time foraging 


[t- 2010 
Jenny Tung and Beth Archie sign on 
as project associate directors under 
directors Alberts and Jeanne Altmann 


— 2013 
Mercy Akinyi determines that grooming 
leads to fewer ticks and healthier blood 
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be more meaningful with genetic data. To 
explore how a male’s success at fathering off- 
spring varies with his rank and whether he 
has migrated from a different troop, Alberts 
and Altmann began collecting blood for pa- 
ternity testing. Even though fertile females 
have multiple mates, the work showed 
that dominant males father most of their 
offspring—somehow sperm from the top- 
ranking males comes out ahead. Yet domi- 
nant males have limited lineages because 
most don’t stay dominant for very long. 
Alberts and colleagues also discovered that 
contrary to expectations, fathers know their 
own offspring and can boost their progeny’s 
survival odds, if they stay in the same troop. 

Getting blood samples by darting and 
tranquilizing animals is difficult and ex- 
pensive, so Alberts and Altmann honed 
techniques to cull DNA and hormones from 
fecal samples, which are now crammed by 
the thousands in freezers in the United 
States. They only collect fecal samples they 
see deposited, so they know the source. 
Hormone concentrations in the feces have 
taught them much about how baboons deal 
with stress, and DNA extracted from the 
samples has allowed them to build pedi- 
grees for the more than 1500 individuals 
they’ve observed over the years. 
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Biologist Beth Archie of the University of 
Notre Dame in Indiana has come up with 
a new use for these samples. Over the past 
5 years, studies have linked the microbiome— 
microbes that live in and on our bodies—to 
our health status. Some work has suggested 
that social connections lead to more simi- 
lar microbiomes, but it’s been hard to tease 
apart whether social connections or similar 
diets are responsible. Archie has pulled bac- 
terial DNA out of the feces to characterize 
baboon microbiomes. Combining that data 
with behavioral observations allows her to 
evaluate how baboon social mores affect the 
microbiome. At the recent Biology of Ge- 
nomes meeting, she and Tung reported that 
gut microbiomes are most similar within a 
social group, and specific bacteria and en- 
zymes strongly correlate with how friendly 
baboons are to each other. “We show a strik- 
ing role for social relationships,’ Archie says, 
“which has ramifications for the evolutionary 
costs and benefits of sociality.” 

For other projects, the Amboseli research- 
ers have had to resume blood collection. This 
year’s effort will start the day after I leave 
Amboseli: Mututua and colleagues will fan 
out among a troop, each concealing a meter- 
long blowgun loaded with a tranquilizing 
dart, until a target baboon is alone and they 
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Through grooming, baboons not only reduce 
parasites—they also cement friendships. 


can take it down. “Once we cover [the darted 
animal] with the tarp, [others in the troop] 
forget all about it,” Tung says. 

Back at the truck, a team will weigh the 
drugged animal, make a cast of the teeth, 
take a skin punch, and check for parasites. 
They will also draw blood for their studies, 
which aim to test immune system function 
and correlate it with age, social rank, and 
other factors. Tung and Archie are pushing 
the limits of what can be done in the field. 
When their colleagues flew in from North 
Carolina, they brought reagents for testing 
immune function that must be kept frozen 
before they are mixed with blood and incu- 
bated at baboon body temperature. Using 
this test on captive primates in the United 
States, Tung and postdoc Noah Snyder- 
Mackler found that low social status often 
dampens immune function. Now, they have 
a chance to see what happens in wild ba- 
boons, which are under far greater stress 
and are besieged by parasites. By doing so, 
the baboon watchers hope to uncover a new 
plot twist in the epic Amboseli story—and 
perhaps another clue to what shapes our 
own health. @ 
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SCIENCE AND REGULATION 


Changes on the horizon for 
consumer genomics in the EU 


Test results may no longer be available directly to consumers 


By Louiza Kalokairinou,’ Heidi Carmen 
Howard,’ Pascal Borry' 


Ithough the direct-to-consumer (DTC) 
genetic testing market has been de- 
veloping for over a decade, effec- 
tive oversight has been challenging, 
with regulations remaining complex 
and often unclear. Recent develop- 
ments indicate that important changes in 
the regulatory landscape may be immi- 
nent. In November 2013, the U.S. Food and 
Drug Administration (FDA) halted the DTC 
genetic testing company 23andMe from 
marketing its “Personal Genome Service” 
without marketing clearance or approval, 
which highlighted concerns over potential 
adverse health consequences 
POLICY of the genome-wide testing of- 
fered (J). The company has no 
timeline for when it will offer health-related 
genetic testing again in the United States (2). 
Meanwhile, in the European Union (EU), a 
proposed regulation could limit availability 
of such test results directly to consumers. 
We describe this ongoing revision of the EU 
in vitro diagnostic (IVD) medical device di- 
rective and how this may drastically affect 
market authorization of genetic tests. 

The safety and performance of DTC ge- 
netic tests entering the EU market falls 
within the scope of Directive 98/79 on IVD 
medical devices. In contrast to national leg- - 
islations in some EU member states, this di- ’ iis alt > 4 7 mT; aise = oe. 
rective has had little or no practical impact / ’ j~ 2-2 aden rire tw 
on the offer of DTC genetic tests. Above and 
beyond concerns over IVD medical devices 
for DTC genetics, the need for revision of the 
regulatory framework has been highlighted 
by the rapid evolution of the health care in- 
dustry, emerging weaknesses of the current 
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legislation, and divergence in implementa- 
tion of the rules by member states (3). 

In this light, it is proposed that Direc- 
tive 98/79 be replaced by a new regulation. 
Whereas a directive designates objectives 
and leaves member states to decide how 
these will be achieved, a regulation is directly 
binding for all member states, to be imple- 
mented uniformly across the EU by the end 
of the transitional period, without the need 
to be transposed into national law (4). 

In September 2012, the European Commis- 
sion (EC) submitted a proposal for regulation 
to the European Parliament and the Council 


institution will be subject to premarket re- 
view by Notified Bodies [private commercial 
entities designated and monitored by com- 
petent authorities of member states (often 
ministries of health) in order to perform 
conformity assessment of medical devices]. 
This new risk classification is a major change 
from the current system, which uses a list- 
based classification system, criticized for 
not being updated regularly and for lacking 
coherence (e.g., tests for chlamydia were on 
the list, but none for other sexually transmit- 
ted diseases). Furthermore, because most 
health-related genetic tests were, by default, 


of the EU. An amended version was voted on 
by the European Parliament in October 2013 
and formalized by another parliamentary 
vote in April 2014. The proposed regulation 
is now under discussion at the council. The 
regulation can only be definitively adopted 
if both the Parliament and council approve a 
common version. Until this happens, amend- 
ments can be made (5). 


CLASSIFYING RISK, VERIFYING CLAIMS. 
Contrary to the directive, in which the 
scope of genetic tests covered was unclear, 
genetic tests with a direct or indirect medi- 
cal purpose are undoubtedly covered by the 
proposed regulation (6). The proposed regu- 
lation includes, among others, self-tests per- 
formed in a home environment; DTC tests, 
results of which are delivered via the Inter- 
net; and software used for direct or indirect 
medical purposes of, among others, diag- 
nosis, prediction, and prognosis of disease. 
The proposed regulation can only regulate 
devices, the framework used to put these de- 
vices into service, and the use of such devices 
but not services per se. 

The proposed regulation will implement 
a new risk-based classification system for 
medical devices—increasing in risk from A, 
B, C, to D—based on the Global Harmoniza- 
tion Task Force model (7). All health-related 
human genetic tests will be classified as class 
C. All such tests offered outside a health care 
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considered “low” risk, they only required a 
self-certification before market introduction. 

Although similar to the existing directive 
in this regard, the proposed regulation fur- 
ther highlights the safety and performance 
of devices before they can be brought to 
market. This includes clarifying that devices 
should be suitable for their intended pur- 
poses, not compromise the safety or health 
of users, and achieve analytical and clinical 
performances intended by the manufacturer 
(e.g., How well does the test detect some 
genetic variant, and how well does the vari- 
ant relate to specific disease?). Safety and 
performance claims made by manufactur- 
ers of medical devices are evaluated by No- 
tified Bodies before the devices are placed 
on the market (8). The proposed regulation 
also places an added emphasis on the need 
to supply clinical evidence, which could be 
seen as an improvement; however, the fact 
that the evidence provided need only be 
limited to uses stated by the manufacturer 
is potentially problematic. For example, if 
the manufacturer claims to test the APOE 
gene for the purpose of identifying risk for 
hyperlipoproteinemia or cardiovascular dis- 
ease, yet the alleles also potentially provide 
information for increased risk of late-onset 
Alzheimer’s disease, is evidence only needed 
for the former? 

Regarding enforcement, there is no cen- 
tralized European body corresponding to 
the FDA, as implementation and enforce- 
ment of EU law lies with the authority of 
the member states. Once IVD medical de- 
vices are on the market, national competent 
authorities conduct market surveillance 
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and enforcement and may take any actions 
necessary in order to prohibit or restrict 
market availability of a device deemed 
likely to cause risks to the health and safety 
of the public. If, after the European Com- 
mission evaluates these interim national 
measures, they are deemed to be justified, it 
may rule to have their uniform implementa- 
tion across the EU (Article 72) (3). 


REQUIRING A MEDICAL LINK. The pro- 
posed regulation foresees that health-related 
genetic testing may only be provided with a 
medical prescription. Furthermore, Amend- 
ment 271 states that genetic tests can only be 
ordered by “persons admitted to the medi- 
cal profession under the applicable national 
legislation after a personal consultation” (6). 
Although some organizations have criticized 
this as being disproportionate (9), it is in 
line with article 7(1) of the Council of Europe 
Additional Protocol to the Convention on 
Human Rights and Biomedicine, concern- 
ing Genetic Testing for Health Purposes. It 
states that “a genetic test for health purposes 
may only be performed under individual- 
ized medical supervision” (0). Whereas EU 
member states can voluntarily adhere to the 
additional protocol, if this new regulation is 
accepted, this provision will become obliga- 
tory in all member states. 

Beyond stating who should be allowed to 
order tests, the proposed regulation defines, 
in more detail, the way in which genetic 
tests should be provided. The same amend- 
ment describes the obligation to provide the 
test applicant “with appropriate information 
on the nature, the significance and the im- 
plications of the genetic test” (6). It under- 
lines the necessity of “appropriate genetic 
counseling” before the provision of a genetic 
test, and that “the form and extent of this 
genetic counseling shall be defined accord- 
ing to the implications of the results of the 
test and their significance for the person or 
the members of his or her family” (6). Not 
all stakeholders are in agreement with this 
amendment. The European Society of Hu- 
man Genetics has stated that it would be 
“unworkable in the daily practice of genetic 
medicine” and questions the EU’s power to 
enact this article by highlighting that regu- 
lating how genetic tests are to be provided 
is “well beyond the scope of a Regulation on 
the safety of IVDs” (11). 

Through this amendment, it is clear 
that the offer of health-related genetic test- 
ing services is perceived as necessitating 
the context of a medical relationship. This 
clearly opposes an approach where genetic 
test results are made directly available to 
consumers. Furthermore, by declaring illegal 
DTC advertising of prescription-only devices, 
including genetic tests, the proposed regula- 
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tion could, in essence, ban DTC genetic test- 
ing as we have known it in Europe. Whether 
a website providing information regarding a 
genetic test is advertisement per se, or sim- 
ply informational, may be debatable. 

These articles in the proposed regulation 
are likely to strengthen the trend of DTC 
companies incorporating physicians into 
their model of test provision, as well as re- 
directing their advertising efforts (includ- 
ing continuing medical education) to health 
care professionals. This may present prob- 
lems related to impartiality similar to those 
observed with prescription drugs, especially 
when clinicians are recruited, trained by, 
and often remunerated by the companies 
selling the services (72). 

Inclusion of a health care professional, 
even a clinical geneticist, does not neces- 
sarily safeguard against all the concerns 


“If the proposed regulation 
is approved, it is not obvious 
that crossing the Atlantic 
will make it easier for 
companies.” 


surrounding scientific validity or clinical 
validity raised by the proposed regulation 
and the FDA. Given the speeds at which new 
tests are being developed and at which new 
technologies allow for genotyping and se- 
quencing, it is unreasonable to expect that 
simply adding a medical professional will 
solve all problems raised by DTC genetic 
testing. Not only are such professionals not 
currently prepared to interpret all genetic 
tests offered by DTC companies, but their 
involvement does not necessarily assure that 
tests offered will have appropriate quality 
and/or benefit to the users. 

Although a decision of the Council of the 
EU was originally planned before the May 
2014 European elections, only a June 2014 
meeting providing guidance for future work 
has taken place (13), with further debates 
and negotiations to follow. If the proposed 
IVD regulation is accepted by the Council, it 
will clearly affect the way genetic testing is 
being offered beyond the clinic. It will also 
potentially affect the clinicians who will be 
sought by consumers for genetic testing 
prescriptions. The future of European DTC 
genetic testing companies—and of non- 
European companies in the EU market— 
may also be heavily affected by coming 
policy decisions. For example, companies 
may want to broaden their sales outside 
the United States into foreign markets, in 
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order to circumvent FDA demands. This 
was showcased recently when 23andMe an- 
nounced it would resume selling its Personal 
Genome Service in Canada (/4). If the pro- 
posed regulation is approved, it is not obvi- 
ous that crossing the Atlantic will make it 
easier for companies (15). ™ 
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To learn is 
to myelinate 


The adult mammalian brain 
requires the production of 
new glial cells and myelin 
for learning 


By Patrick Long and Gabriel Corfas 


earning triggers neuronal changes 

in the brain that contribute to in- 

formation acquisition and memory 

formation, including the activity and 

strength of existing synapses, the for- 

mation of new synapses, and possibly 
the birth of new neurons (7). Therefore, it is 
not surprising that neurons have been seen 
as the sole components of the nervous sys- 
tem, capable of responding to experience 
and responsible for learning and long-term 
behavioral plasticity. However, this no- 
tion is being challenged by recent findings 
on glial biology. On page 318 of this issue, 
McKenzie et al. (2) add to this argument by 
revealing that the generation of new oligo- 
dendrocytes—one of the brain’s non-neu- 
ronal cell types—is required for learning a 
complex motor skill. The finding advances 
our understanding of brain plasticity and 
points to roles for glia and myelin in cogni- 
tive function. 

Oligodendrocytes generate myelin, the 
insulating membrane that covers many neu- 
ronal axons and facilitates the propagation 
of electrical signals along neuronal circuits. 
Although oligodendrocytes and the myelin 
they create were assumed to be static, re- 
cent studies indicate that myelin is much 
more malleable than once thought. Imaging 
studies have shown that various forms of 
learning correlate with structural changes 
in the human brain’s white matter, and 
animal studies have demonstrated oligo- 
dendrocyte and myelin changes in response 
to social and environmental conditions (3). 
These observations raise the possibility that 
myelin is highly dynamic and that changes 
in myelination are important components 
of brain plasticity. 

Oligodendrocytes send out multiple cel- 
lular processes that attach and ensheath 
axons with concentric layers of compacted 
cellular membrane to form myelin (see the 
figure). Myelination increases the speed by 
which electrical impulses travel along neu- 
ronal processes, and differences in the de- 
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gree to which axons are myelinated affect 
the timing of the flow of information be- 
tween neurons. The composition of myelin- 
ated axons in the brain is heterogeneous; 
axons may be highly myelinated, not my- 
elinated, or incompletely myelinated, and 
the pattern of myelination may vary along a 
single axon (4). 

Most myelination in the mammalian 
brain occurs during early life. At that stage, 
oligodendrocyte progenitor cells (OPCs) 
give rise to oligodendrocytes, which go on 
to myelinate axons as they mature. Remark- 
ably, a high density of OPCs remains in the 
adult brain long after the developmental 
period of myelination is complete. Adult 
OPCs retain the capacity to differentiate 
into myelinating oligodendrocytes in re- 
sponse to injury or demyelinating diseases, 
such as multiple sclerosis (5). These precur- 
sor cells may also give rise to 
newly generated oligodendro- 
cytes to remodel myelin along 
previously myelinated axons in 
the adult brain (6). 

Yet, the potential functional 
importance of this apparent res- 
ervoir of undifferentiated cells 
for plasticity in the normal brain 
has been a mystery. McKenzie et 
al. sought to determine whether 
adult-born oligodendrocytes are 
necessary for learning to oc- 
cur. They observed that young 
adult mice that learn to run on 
a “complex running wheel” with 
irregularly spaced rungs have 
a transient elevation in OPC 
proliferation and production of 
adult-born oligodendrocytes in 
the corpus callosum, an axon- 
dense area of the brain con- 
necting the two cerebral hemispheres. To 
analyze the contribution of new oligoden- 
drocyte formation to motor learning, the 
authors used genetically modified mice in 
which they had eliminated the ability of 
OPCs to make new oligodendrocytes with- 
out affecting preexisting oligodendrocytes 
or myelin. They achieved this by inacti- 
vating the myelin regulatory factor (Myrf) 
gene in adult OPCs. Myrf encodes a protein 
required for OPCs to differentiate into ma- 
ture myelinating oligodendrocytes. McK- 
enzie et al. discovered that mice lacking 
the capacity to form new oligodendrocytes 
also failed to develop an effective running 
strategy in the complex running wheel. By 
contrast, when mice were allowed to train 
on the complex running wheel before Myrf 
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inactivation, they performed comparably 
to normal control mice. This indicates that 
although the production of new oligoden- 
drocytes is not required for information re- 
trieval, it is critical for learning new motor 
behavior. 

How is learning linked to changes in 
myelination? OPCs express numerous re- 
ceptors that make them responsive to 
neurotransmitters. OPCs can also respond 
to neuron-derived mitogens and trophic 
factors such as neuregulin-1 (NRG1) and 
brain-derived neurotrophic factor (BDNF), 
whose release is modulated by neuronal 
activity. Interestingly, cell-culture experi- 
ments have shown that NRG1 and BDNF 
influence whether neuronal activity stimu- 
lates myelination (7). In vivo optogenetics 
studies have also shown that elevated neu- 
ronal activity increases OPC proliferation 


and oligodendrocyte number in an area 
of the brain involved in motor learning in 
vivo (8). Accordingly, neuronal circuits that 
are preferentially recruited during learn- 
ing may signal to adjacent OPCs to differ- 
entiate into myelinating oligodendrocytes. 
This could lead to increased strength of 
connectivity and efficiency of information 
flow along circuits as a new motor behav- 
ioral pattern emerges. Thus, it is possible 
that activity-dependent myelination might 
be toggled on and off under different physi- 
ological contexts. 

How might differences in myelin gen- 
eration affect cognitive function more 
generally? And is myelin plasticity a uni- 
versal aspect of learning or is it confined 
to systems involved exclusively in adap- 
tive motor behaviors? The answers to these 
questions have broad implications for the 
understanding of how cognitive function 
is influenced by conditions that affect my- 
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elin. Several psychiatric illnesses, such as 
schizophrenia and bipolar disorder, are as- 
sociated with defects in myelin (9). More- 
over, myelin appears to be particularly 
vulnerable to adverse life experiences, such 
as social isolation (10, 11). The discovery 
that new myelin generation is essential 
for learning may help explain some of the 
cognitive disturbances associated with psy- 
chiatric disorders or the absence of strong 
social support. Furthermore, the efficiency 
with which OPCs differentiate into myelina- 
ting oligodendrocytes appears to decrease 
with age (12), raising questions about how 
changes in myelin plasticity might contrib- 
ute to age-associated cognitive decline. 

The evidence that glia can be influenced 
by experience, and that this process is es- 
sential for behavioral changes and cogni- 
tion, has brought us to an exciting paradigm 


Myelinating 
oligodendrocytes 


shift that opens up a new vast frontier that 
might help to explain the mechanisms of 
learning. This may bring us closer to devel- 
oping new treatments for neurological and 
neuropsychiatric disorders. & 
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Nutrient computation 
for root architecture 


Plants sense and respond to nutrients using a peptide 


signaling system 


By Ton Bisseling’? and Ben Scheres® 


itrogen is a major limiting nutrient 

for plants. Root systems acquire nitro- 

gen through uptake of nutrients such 

as nitrate from the soil. Some plants 

can also obtain nitrogen by estab- 

lishing a root nodule symbiosis with 
N-fixing bacteria. Whatever the means to ac- 
quire nutrients, an investment of the plant is 
required in which root architecture is suit- 
ably adapted. Therefore, plants integrate 
local and global nutrient cues to spend re- 
sources efficiently. On page 343 in this issue, 
Tabata et al. (1) identify a peptide signaling 
mechanism by which the root locally senses 
N limitation in the soil, and communicates 
with the shoot, which then signals back to 
the root to stimulate lateral root growth in 
regions with a high nitrate content to facili- 
tate nitrate uptake. 

Nitrate, or other sources of nitrogen, can 
be distributed heterogeneously in the 
environment. Therefore, for optimal 
growth, it is essential that a plant can re- 
spond in a systemic manner to its global 
N status. Split root assays (see the fig- 
ure, panel A) have been pivotal in unrav- 
eling the mechanisms that regulate this 
systemic control of lateral root organ 
formation (lateral roots and nodules). 
In these studies, the plant’s root system 
is split into two and placed in separate 
compartments, where different nutrient 
levels can be applied. If conditions in 
compartment 1 induce a response in the 
root system in compartment 2, systemic 
communication through the shoot must 
have occurred. 

When low nitrate (-N) is sensed, this 
locally reduces lateral root growth, but 
in the compartment with high nitrate 
(+N), lateral root elongation and nitrate 
uptake through nitrate transporters 
(NTRs) are stimulated (1-3). The stimu- 


lation of lateral root growth in the nutrient- 
rich compartment resembles the foraging 
behavior of roots toward soil patches with 
high nitrate. Tabata et al. demonstrate that 
precursors of C-terminally encoded peptide 
1 (CEPI) are formed in Arabidopsis thali- 
ana roots exposed to low N (see the figure, 
panel A). The authors used these peptides 
to screen a library of cultured plant cells 
expressing all known plant leucine-rich re- 
peat receptor kinase (LRR-RK)-encoding 
genes and identified two homologous LRR- 
RKs that efficiently bind CEP1. When CEP1 
was applied to the root system in one of the 
experimental compartments, it triggered in- 
creased NTR expression in the other, which 
required the two LRR-RKs that recognize 
CEP1. Exposure of roots to low N increased 
CEP! levels in the xylem sap of the shoot, 
indicating that long-distance transport 
had occurred. Indeed, reciprocal grafting 
demonstrated that the systemic response 


required functional receptors in the shoot, 
but not in the root. The nature of the sig- 
nal from the shoot that triggers lateral root 
foraging behavior in the +N compartment 
remains to be resolved. 

Tabata et al. implicate CEP peptide sig- 
naling in the decision whether and when 
the plant should redirect growth under het- 
erogeneous nutrient supply. Previous work 
indicates that local nutrient sensing is cou- 
pled to local inhibition of growth through 
nitrate transporter NTR1.1, which can also 
transport the growth hormone auxin (3). 
The auxin response in lateral root tips is di- 
minished under nitrate-limiting conditions. 
It has been hypothesized that this contrib- 
utes to reduced lateral root growth and is 
caused by auxin efflux activity of NTR1.-1 (3, 
4). Furthermore, CEP peptides might—in ad- 
dition to their long-distance signaling func- 
tion—reduce lateral root growth at the site 
where they are produced, as overexpression 
of CEP genes is known to have this effect (5). 
From an engineering perspective, it makes 
perfect sense to decide centrally (in the 
shoot) whether the overall nutrient status is 
adequate, and then send systemic signals to 
stimulate growth everywhere except where 
the local inhibition system is active (see the 
figure, panels A and C). 

It is interesting to consider that a pep- 
tide-LRR-RK relay also controls rhizo- 
bium-induced nodulation in legumes (see 
the figure, panel B). When one split-root 


Sensing and responding to patchy nutrients. (A) Local N starvation inhibits lateral root growth and triggers production 


of CEP peptides; these are perceived in the shoot by LRR-RK receptors, leading to an unknown systemic signal X that can 
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stimulate growth in high-N areas. (B) In legumes, local N supply triggers production of CLE peptides, which are perceived 

in the shoot by the CLV1 receptor, leading to an unknown systemic signal X that suppresses the formation of N-fixing root 
nodules. (C) A model of foraging behavior. Low nutrient concentration locally induces the production of a signal (peptide) 
that represses lateral root growth. In the shoot, the peptide induces production of a second signal (X) that stimulates lateral 
root growth in patches with high nutrient level, but cannot counteract the growth repression in lateral roots at low nutrient 
level. (N and P are example nutrients.) 
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compartment contains a high (+N) and the 
other a low nitrate (-N) concentration, high 
nitrate is sensed and triggers repression 
of root nodule formation in both compart- 
ments (6). Roots exposed to +N produce a 
CLE (CLAVATA3/endosperm surrounding 
region-related) peptide that is translocated 
by the xylem in an arabinosylated form to 
the shoot (7), where it binds to the legume 
LRR-RK NARK [nodulation autoregulation 
receptor kinase, an ortholog of CLAVATA1 
(CLV1)]. NARK is essential for CLE peptide- 
induced systemic suppression of nodulation 
in the roots. The nature of the shoot-derived 
compound suppressing lateral organ forma- 
tion is not known. 

It is possible that the CLE/CLV1 relay 
controlling nodulation has evolved from 
one controlling lateral root elongation. In 
Arabidopsis, overexpression of certain CLE 
genes inhibits lateral root growth in a CLV1- 
dependent manner. However, it remains to 
be demonstrated whether this inhibition is 
controlled by root- or shoot-located CLV1 (8). 

There is ample evidence that the availabil- 
ity of multiple nutrients is assessed in plants 
and that their uptake systems interact with 
one another. Nitrate and phosphate levels 
can both trigger local growth responses and 
are subject to systemic control (9). Other 
important nutrients, such as potassium and 
sulfur, are also sensed, and this information 
is integrated in the overall response of the 
plant to nutrient status. The work of Ta- 
bata et al. shows that small-peptide signal- 
ing pathways play an important role in the 
process by which plants deal with trade-offs 
between nutrient demands. In addition, it 
suggests that plants use a general mecha- 
nism to compute multiple nutrient levels in 
the shoot and relay this information back to 
individual root tips. There, inhibition due to 
local nutrient deprivation might be balanced 
with activation signals that relay multiple 
global nutrient levels. Such a modular design 
might help to achieve optimal root foraging 
architecture under competing nutrient de- 
mands (see the figure, panel C). ™ 
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Sensing biodiversity 


Sophisticated networks are required to make the best use 
of biodiversity data from satellites and in situ sensors 


By Woody Turner 


iodiversity loss is a global change 

with consequences that may exceed 

those of climate change (J). Yet, lim- 

ited data on key aspects of biodiver- 

sity continue to constrain 

conservation efforts. Ef- 
fective biodiversity conservation 
will require rapidly increasing 
understanding of the elements 
of biodiversity (such as the 
condition of ecosystems or the 
number and identities of spe- 
cies) and how they are changing 
through time. Satellite and airborne re- 
mote sensing are key to this effort but will 
only achieve their conservation potential 
when networked with in situ sensors (see 
the figure). 

Remote sensing involves a wide array of 
tools and techniques on orbiting satellites 
and flying aircraft. It enables directly observ- 
ing large-scale ecosystems and large organ- 
isms, depicting the broader environmental 
context for biodiversity, tracking climatic 
and other drivers of biodiversity change (of- 
ten for use in ecological models), and mak- 
ing consistent observations across time and 
space for biodiversity monitoring (2). Re- 
mote sensing is increasingly complemented 
by in situ sensing with cameras on station- 
ary objects or small drones, sound recorders, 
cell phones, electronic tags, and fragments of 
genetic material sampled directly from the 
environment. 


INDIRECT REMOTE SENSING. Some bio- 
diversity research and conservation ef- 
forts make good use of global satellite data 
that are recorded (typically for climate re- 
search) at spatial scales of 1 km or more 
(3). Most of these efforts involve indirect 
remote sensing of biodiversity. In this ap- 
proach, climatic parameters like tempera- 
ture, integrated vegetation measures such 
as vegetation indices, or observations of the 
three-dimensional structure of vegetation 
serve as inputs to models. Used either with 
species data in ecological niche models or 
with information about organismal physi- 
ology and/or demography in mechanistic 
models, remotely sensed data allow estima- 
tion of species distributions and abundance. 

For example, Pearson et al. have used 


Published by AAAS 


CONSERVATION SERIES 


modeled climate variables and remotely 
sensed land cover and land surface data in 
a coupled ecological niche-demographic 
model to estimate climate change extinction 
risk with a mix of spatial and demographic 
variables (4). 

Appropriate use of remote 
sensing data for species distri- 
bution modeling is challenging 
because it unites tools developed 
separately by geographers and 
ecologists. Doing so requires at- 
tention to sample sizes and char- 
acteristics of both remote sensing 
and ecological data, matching 
the scales of the observations and the phe- 
nomena under investigation, determining 
whether species absence information is 
needed, and defining clearly one’s purpose 
for modeling (5). 


DIRECT REMOTE SENSING. The scales 
of satellite data from climate research sat- 
ellites are generally too coarse for direct 
observation of important elements of bio- 
diversity. However, airborne instruments 
and a rapidly growing array of private-sec- 
tor satellites, designed for online mapping, 
can directly sense and identify organisms, 
including large tree canopies and even big 
mammals and birds. These instruments 
have pixel sizes ranging from 50 cm to a few 
meters. 

Fretwell et al. (6) used images from three 
such satellites to estimate the global popu- 
lation of emperor penguins. They found 
four new colonies and confirmed locations 
of three previously suspected sites while 
determining the total number of breeding 
colonies in an area of the world difficult to 
survey. A global population estimate for spe- 
cies of concern is a key conservation mea- 
sure. Separating penguins, snow, shadow, 
and guano is unique to this and similar ef- 
forts, but the study is indicative of a growing 
body of work using remote sensing to distin- 
guish organisms from their surroundings. 

Very high spatial resolution sensors typi- 
cally trade higher spatial resolution for 
much narrower coverage of Earth’s surface, 
making it challenging to assemble global 
or even wide-area data sets. Also, the cost 
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of these commercial data sets 
may stretch limited conserva- 
tion budgets. 

Imaging spectrometers or 
hyperspectral sensors provide 
very high spectral (as opposed 
to spatial) resolution. They 
generate essentially continuous 
spectra from visible to short- 
wave infrared wavelengths 
and have mostly flown aboard 
government or commercial air- 
craft. The spectra reflect the 
unique chemistries of canopy 
vegetation and marine phy- 
toplankton at resolutions of 
meters to tens of meters. In 
the resulting compiled imag- 
ery, scientists can discriminate 
between ecological guilds and 
even genera and species on the 
ground and in the water (7, 8), 
allowing these groups to be 
mapped and the composition 
and functioning of associated 
ecosystems to be delineated. 

Recent combinations of imaging spec- 
trometers and lidars or radars aboard air- 
craft have enabled simultaneous detection 
of vegetation biochemistry and its three-di- 
mensional structure. Such combinations are 
powerful tools for discriminating species 
and ecosystem types and condition (9). Ra- 
dar microwaves can travel through clouds, 
which often prohibit other forms of remote 
sensing in the biodiversity-rich humid trop- 
ics. At coasts, spectrometers and bathymet- 
ric lidars, incorporating water-penetrating 
green lasers, enable direct characterization 
of sea grasses, coral reefs, and other shal- 
low benthic habitats (0). These airborne 
spectrometer-lidar/radar combinations may 
serve as precursors for orbiting biodiversity 
satellites that could offer detailed views of 
the composition, structure, and functioning 
of ecosystems. 


IN SITU SENSING OF BIODIVERSITY. In 
parallel to advances in airborne and space- 
based sensing, developments in situ have 
also been dramatic. Transmission tags on 
terrestrial and aquatic animals, camera 
traps, sound recording devices, remotely 
piloted drones, and collections of environ- 
mental DNA in fresh and salt waters and 
soils are directly observing organisms, even 
the microbial components of biodiversity 
(11, 12). These approaches also provide in- 
formation on animal behavior, abundance, 
and community organization (13). The small 
size of these sensors, reflecting rapidly ex- 
panding computer and battery power, offers 
the potential for near-ubiquitous sensing of 
Earth’s land- and seascapes. Citizen science 
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further contributes to the growth in fine- 
scale biodiversity observations. 

These in situ data provide insight at the 
levels of genes, species, and some ecosys- 
tems that remain hidden to remote sensing. 
In situ sensing thus brings critical fine-scale 
biodiversity information for use with the 
wider context and measures of environmen- 
tal drivers obtained from remote sensing. 
It can also generate urgently needed time 
series of biodiversity observations, comple- 
menting remote-sensing time series of mea- 
sures such as land cover and sea surface 
temperature that now span several decades. 


NETWORKING NEEDS. The data from sat- 
ellites, aircraft, and in situ sensors cover 
a vast range of spatial scales. Use of these 
sensing data in concert requires sophisti- 
cated networking and geostatistical analysis 
to fill gaps between fine-scale organismal or 
genetic observations and ecosystem-scale 
observations. Similar networks are nec- 
essary to tie biodiversity observations to 
data on broader environmental drivers of 
change. 

Scale is not the only issue. The multitude 
of sensor types used to measure elements of 
biodiversity even at the same spatial scale 
further complicates networking, as does the 
integration of information from models. All 
observations and models come with their 
individual uncertainties, which must be ad- 
dressed by any networking framework. 

The first programmatic networks of this 
kind are now being created. In the United 
States, the National Ecological Observatory 
Network (NEON) proposes linking in situ 
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Sensor power. Networking satellite and airborne remote sensing with in situ sensing will allow changes in many elements of 
biodiversity to be tracked over time. 


sampling at sites around the country with 
airborne and satellite remote sensing, al- 
though the satellite component still needs 
to be designed. The international Group on 
Earth Observations (GEO) partnership, par- 
ticularly its global Biodiversity Observation 
Network (GEO BON), is a first attempt by 
national governments to jointly coordinate 
satellite, airborne, and in situ observations 
across biodiversity elements through genes, 
species, and ecosystems (14). This effort is 
crucial for meeting governments’ obliga- 
tions to assess national biodiversity under 
the Convention on Biological Diversity and 
the Intergovernmental Platform on Biodi- 
versity and Ecosystem Services. ™ 
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Potassium tons line up 


Do K* ions move in single file through potassium channels? 


By Gerhard Hummer 


otassium channels are involved in 
many biological functions, most no- 
tably the generation and shaping of 
electrical signals in neurons. These 
transmembrane proteins function by 
conducting potassium ions selectively 
across biological membranes. On page 352 
of this issue, K6pfer et al. (1) report molecu- 
lar dynamics simulations of ion conduction 
through potassium channels. The results 
challenge the established picture derived 
from x-ray crystallography (2, 3), electro- 
physiology (4), and earlier simulations (5, 6). 

In their classic 1955 study, Hodgkin and 
Keynes (7) proposed that potassium ions 
move through the channels “in single file 
along chains of potassium-selective sites.” 
In this “knock-on” mechanism, conduction 
occurs as the chain of ions moves back and 
forth, picking up and releasing ions on op- 
posite sides. This mechanism ensures both 
high selectivity for K* ions and high conduc- 
tance despite high affinity. 

This simple picture of ion conduction was 
spectacularly confirmed more than four de- 
cades later by the potassium channel crystal 
structures of MacKinnon and collaborators 
(2, 3). These structures showed a distinct 
chain of four ion-binding sites inside the 
cylinder-shaped selectivity filter (see the fig- 
ure, panel A). However, the crystal structures 
also put a twist on the original knock-on 
mechanism: Instead of forming a continuous 
chain, ions alternate with intervening water 
molecules that weaken the large Coulomb re- 
pulsion in direct cation contacts (3). 

Molecular dynamics simulations have cor- 
roborated this picture and further elucidated 
the energetics and dynamics of ion transport 
(5, 6). In these simulations, chains of alter- 
nating K* ions and water molecules cross the 
selectivity filter in a highly concerted fash- 
ion: An ion arriving on one side pushes the 
entire chain forward to the other side, result- 
ing in release of water and ions (see the fig- 
ure, panel B). 

Kopfer et al. (1) challenge this picture. In 
extensive molecular dynamics simulations 
of K* conduction through various potas- 
sium channels, they find that K* ions contact 
each other directly along the single file (see 
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the figure, panel C); intervening water mol- 
ecules appear only rarely. The authors argue 
that the direct Coulomb repulsion between 
contacting cations enhances ion conduc- 
tance. In effect, they suggest a return to the 
original model (7), with the “hard” knock-on 
of approaching ions not softened by inter- 
vening water. Earlier molecular dynamics 
simulations also point toward direct K’*- 
K* contacts. Free energy calculations have 


A KcsA potassium channel 


Selectivity filter 


data are indeed consistent with single-file 
chains of cations in direct contact. 

Direct ion contacts also seem to be in- 
consistent with electrophysiological data. 
Potassium channels conduct water (10); mea- 
surements of streaming potentials, created 
by ions carried along in osmotically driven 
water flows through the channel, point to co- 
transport of at least one water molecule per 
ion (4). Given the distinct predictions for wa- 
ter cotransport with and without interstitial 
water in the ion chains, firming up the mea- 
sured numbers should go a long way toward 
resolving the issue. 

Not long ago, such molecular dynamics 
results might well have been brushed aside. 
Now simulations are taken seriously thanks 


Soft knock-on mechanism 


OK 
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Knock-on mechanism. (A) A cut through the KcsA potassium channel ” shows the ion-binding sites (blue) in the 
selectivity filter. (B) In the soft, water-mediated knock-on mechanism, approaching ions (light blue) alternatingly knock- 
out water and K* ions. (C) Kopfer et al. find that the filter is instead densely packed with a chain of K* ions in direct contact. 


shown that cation pairs moving through the 
selectivity filter without intervening water 
molecules are energetically feasible (8), the 
Coulomb repulsion being counteracted by 
the negatively charged carbonyl oxygen at- 
oms (see the figure). Jensen et al. recently 
performed long simulations of dynamic ion 
transport driven by an external electric field 
(9). They found that only half the number 
of water molecules expected from perfect al- 
ternation of ions and water was transported 
with the potassium ions. 

However, the results of Kopfer et al. do 
appear to conflict with experimental results. 
The selectivity filter in their simulations 
tends to be filled with three ions over a wide 
range of potassium concentrations. In con- 
trast, the crystal structures obtained in this 
concentration regime have pointed to alter- 
nating cations and water molecules. To re- 
solve this conflict, K6pfer et al. re-refined the 
crystal structures, concluding that the x-ray 
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to rapid improvements in the quality of the 
models, the extent of the sampling, and the 
realism of simulated experimental setups. 
Despite remaining challenges, not least con- 
cerning the force fields used to describe the 
molecular interactions, experimentalists 
would do well to heed K6pfer et al’s results. & 
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In optical pumping, less can be more 


Creating loss in one optical resonator can initiate lasing in its coupled partner 


By Harald G. L. Schwefel 


asing is based on the process of op- 

tical gain. Once this gain provided 

through external pumping surpasses 

the loss in a resonator, lasing sets in 

and a coherent beam of laser light is 

emitted. Thus, loss is a natural adver- 
sary of lasing, at least in common lasers. A 
striking amendment to this rule is reported 
on page 328 of this issue by Peng e¢ al. (1), 
who report an onset of lasing in a pair of 
coupled resonators when the total loss of 
the system is increased. 

This special feature is pos- A 
sible because of the non-Her- 
mitian nature of the system 
designed by Peng et al., a prop- 
erty related to the Hamiltonian 
description that physicists use 
to calculate the time evolu- 
tion of a system. When such a 
Hamiltonian is Hermitian, it 
means that the total energy is 
conserved, leading to real ei- 
genvalues for the energy (as, for 
example, the energy of electrons 
in an atom). However, many re- 
alistic systems do not conserve 
energy. The corresponding gain 
and loss processes can be mod- 
eled through Hamiltonians that 
are non-Hermitian and which 
will generally have complex ei- 
genvalues. A particular exam- 
ple is a laser, which features an 
amplifying medium (through 
optical gain) and radiates out a coherent 
laser beam (causing loss). 

The physics that follows from such 
non-Hermitian properties shows several 
counterintuitive features, especially near 
so-called “exceptional points” (EPs) in 
parameter space, where two complex ei- 
genvalues coalesce in both their real and 
imaginary parts. Recently, a specific subset 
of non-Hermitian systems with a so-called 
parity-time (PT) symmetry have surfaced 
for which the gain and the loss are carefully 
balanced so that the eigenvalues end up on 
the real axis (2). For such cases, surprising 
experimental results, such as loss-induced 
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Waveguide 


transparency (3), unidirectional invisibil- 
ity (4), and optical isolation (5) have been 
demonstrated. 

These PT-symmetric systems are, how- 
ever, only a subset of the general class of 
non-Hermitian systems for which the ei- 
genvalues reside in the complex plane. In 
particular, for systems operating near the 
lasing threshold, theoretical proposals in- 
dicate phenomena occurring near an EP, 
such as coherent perfect absorption of light 
(6) and the loss-induced onset of lasing (7) 
studied here. To venture experimentally 


Nanotip 


Waveguide 


Microresonators 


through the vicinity of the EP, typically 
two independent parameters are necessary. 
Such parameters are accessible by coupling 
whispering gallery mode resonators, which 
efficiently trap light via total internal reflec- 
tion at the rim of a convex shape made from 
a dielectric material (such as silica). When 
two spectrally identical optical resonators 
couple, they form a “photonic molecule,” 
in that individual modes undergo a mode 
splitting similar to the transition for elec- 
tronic levels when atoms form molecules 
(8, 9). In the optical domain, individual tun- 
ing of the resonators is necessary to achieve 
degenerate modes and coupling between 
both resonators (5). The two independent 
parameters are the coupling strength, as 
determined by the distance between the 
two resonators, and the loss added by an 
absorptive nanotip probe in the vicinity of 
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one of the resonator’s evanescent field. Tun- 
ing of these two parameters allows the sys- 
tem to approach the EP. 

Peng et al. used coupled whispering gal- 
lery mode resonators as a convenient plat- 
form to study several of the fascinating 
phenomena arising in the vicinity of an EP 
(7). When they brought two resonators near 
each other, the individual resonance modes 
split and supermodes formed with slightly 
detuned resonance frequencies (see the fig- 
ure). When additional loss was induced by 
the optically absorbing nanotip, the reso- 


An odd laser at a loss. (A) Two coupled microresonators initially exhibit no lasing. (B) By increasing the loss in one microresonator 
through coupling to a nanotip (in silver), the other microresonator can suddenly start to lase (the light is coupled to the optical 
waveguides shown in blue). Peng et al. show how these effects are caused by the non-Hermitian nature of the system. 


nance frequencies, given by the real part of 
the eigenvalues, lost their detuning when 
passing the EP. At this point, the imaginary 
parts of the eigenvalues, which describe 
the loss or gain of the mode, acquired a 
detuning at the EP that resulted in one of 
the two resonant modes experiencing less 
loss than the other. This imbalance is a di- 
rect consequence of the field distributions 
of the modes no longer being equally dis- 
tributed between both resonators. Rather, 
with increasing nanotip loss, each mode 
is increasingly concentrated in one of the 
resonators alone. 

To show the most striking effect result- 
ing from this mode rearrangement at an EP, 
Peng et al. took advantage of silica microto- 
roids’ ability to provide Raman gain when 
pumped by an appropriately offset pump 
laser (10). With this additional feature, the 
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two coupled resonators were operated near 
the lasing regime. When adding loss by the 
nanotip, the detuning in the imaginary part 
of the eigenvalues reduced the loss of the 
mode in the resonator without the nanotip 
up to the point where the lasing threshold 
was reached, and the coupled system expe- 
rienced a loss-induced onset of lasing. 

The observation and control of an EP for 
a laser opens the way toward many further 
studies such as on self-pulsation effects in 
the temporal dynamics of the laser (17). A 
way to explore the fascinating topological 
aspects of EPs is to encircle them in the 
two-dimensional parameter space, param- 
eterized by the nanotip-induced loss and 
the coupling strength. In passive resona- 
tors, a curious mode exchange and the ac- 
cumulation of a geometric phase have been 
observed for this situation (12). How these 


“The observation and control 
of an exceptional point for a 
laser opens the way toward 
many further studies...” 


phenomena translate to the lasing regime, 
where nonlinear mode interactions also 
play a role, is still an open question that 
may occupy both theorists and experimen- 
talists in the years ahead. 

Even beyond lasing, non-Hermitian sys- 
tems can be found in many other contexts. 
In optical sensing, EPs can enhance single- 
particle detection (73), and in optomechani- 
cal systems, they can enable applications 
such as a phonon laser (/4). Similar non- 
Hermitian concepts have even been applied 
to finance, where non-Hermitian Hamilto- 
nians are used to describe stochastic finan- 
cial instruments with striking effects that 
just wait to be explored. & 
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Opening a new window. An explosion observed by the IRIS spacecraft on 9 May 2014, 
revealing the complexity of the interface region between the photosphere and corona. 


ASTRONOMY 


Looking closer at the Sun 


The space-based IRIS telescope provides a new window to 


view the solar atmosphere 


By Louise K. Harra 


he Sun’s atmosphere is a dramatic 

and dynamically changing one. The 

physical domains encountered as the 

atmosphere is explored from the 

Sun’s surface to the outer corona 

differ widely. The region where the 
differences are more notable is the inter- 
face region, where the plasma charac- 
teristics change from optically thick to 
optically thin and the regime goes from gas- 
dominated to magnetic-dominated. NASA’s 
Interface Region Imaging Spectrograph 
(IRIS) (7-5) is now observing this elusive 
region. The first results from the mission 
are showing a world of twisted magnetic 
fields throughout the region, “bombs” 
exploding at regular intervals, evidence 
of particle acceleration causing heating 
in coronal loops, and small jets and loops 
appearing at cool temperatures. These re- 
sults are providing important input into 
how the solar atmosphere is created and 
maintained and how the solar wind is 
formed. 
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The Sun is the largest object in the solar 
system, providing the heat and light that al- 
lows us to survive. It is a middle-aged star 
that produces energy through nuclear fu- 
sion of hydrogen to helium at its core. The 
enormous energies propagate through the 
interior of the Sun by radiation and convec- 
tion. In the convection zone, the churning 
hot plasma creates magnetic fields. Our first 
view of the energy escaping the Sun is at the 
surface (the photosphere). Here, evidence of 
the convection that occurs in the interior is 
seen—the magnetic fields that appear help to 
form the heliosphere within which the plan- 
ets are shrouded. The heliosphere drives the 
solar wind that flows past our planet, and is 
the source of large explosions that can affect 
our delicate Earth environment. 

The magnetic fields are the source of the 
“coronal heating problem”: As you move 
away from the Sun’s surface (and farther 
from the heat source in the core), the tem- 
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Preparing for launch. Interface Region Imaging Spectograph (IRIS) with solar wings deployed in the clean room. 


perature increases. The goal for solar physi- 
cists is to determine how the Sun produces 
winds with speeds that can be 50 times 
those of the most powerful hurricanes on 
Earth, and can create energetic flares that 
release tens of millions of times the energy 
of a hydrogen bomb. Although the magnetic 
field is known to be key to this understand- 
ing, the actual details of the energy transfer 
through the solar atmosphere have so far 
remained unclear. 

IRIS, launched in June 2013, is the lat- 
est in a line of solar observatories that are 
exploring the Sun’s interface region. It is 
a 20-cm telescope that observes near- and 
far-ultraviolet light from the Sun, which is 
normally blocked by Earth’s atmosphere. It 
was designed to explore spectroscopically 
the elusive interface region of the Sun’s at- 
mosphere between the surface of the Sun 
(photosphere) and the outer hot atmo- 
sphere (the corona). This region has been 
difficult to observe because it goes from 
being optically thick to optically thin, from 
partially to fully ionized, and from gas to 
magnetic domination. In recent years, ad- 
vances in computation have permitted the 
development of 3D radiative magnetohy- 
drodynamic models that can provide in- 
sight into the observations made by IRIS. 

IRIS has exceptional spatial resolution. 
With its spectroscopic capability focused 
on the interface region, it can probe the hot 
plasma to determine parameters such as 
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temperature, speed, turbulence, and den- 
sity. The example image of a large explosion 
at the solar limb reveals the incredible com- 
plexity of the Sun’s atmosphere (see the first 
figure). The first results from IRIS address 
some of the key unsolved questions in solar 
physics. 

The high-resolution IRIS observations 
have revealed red- and blue-shifted plas- 
mas that exist parallel and adjacent to 
each other (2). The evidence for twist or 
torsional motions is seen in every magnetic 
domain on the Sun, from the quietest re- 
gion to the larger active region, and even 
in coronal holes where the magnetic field is 
dominantly open. Evidence of the magnetic 
fields being so twisted provides insight 
into how energy is created and how rapid 
heating is associated with these regions of 
strong twist. Another phenomenon that has 
been revealed for the first time is that of 
very short, low-lying magnetic loops in the 
quiet Sun (J), settling a debate about their 
existence that had been raging for many 
years. The measurements show that this 
emission cannot be accounted for just by 
thermal conduction back from the hot co- 
rona. These loops are short and dense and 
can lose their energy effectively through 
radiation. They are also found to occur 
naturally in advanced 3D magnetic models 
that have recently become available. IRIS 
observations in coronal holes have also un- 
covered frequent high-speed small jets (5) 
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that are located in the network 
structures that highlight the 
convective cells. These fast jets 
may contribute plasma to the 
solar wind. 

IRIS has also explored the 
larger regions of strong mag- 
netic field, called active regions. 
In a newly created active re- 
gion, Peter e¢ al. (3) found small 
regions of plasma within the 
active region that reach tem- 
peratures of 100,000 K and are 
embedded in a region of much 
lower temperature. They are 
found in small regions where 
magnetic flux of opposite polar- 
ity converges, and evidence of a 
bidirectional jet is seen, where 
the magnetic field lines that are 
being pushed together squeeze 
the plasma in both directions. 
These “bombs” that are firing 
off have much greater energies 
than previously expected. 

In active regions, the domi- 
nant features in the atmo- 
sphere are the long magnetic 
loops stretching from one po- 
larity region to another. Testa 
et al. (4) found rapid variability at the 
footpoints of these loops, and investigated 
what could create these. They found them 
to be heated by accelerated beams of non- 
thermal particles, which are generated in 
very small-scale flares called nanoflares. 
Through comparison with advanced nu- 
merical models, they have developed di- 
agnostics that can probe the nonthermal 
characteristics of the smallest-scale particle 
acceleration ever observed. This provides 
much-needed constraints on models of how 
these particles are accelerated to such high 
energies—a process that is expected to oc- 
cur throughout the universe in other, more 
distant, astrophysical phenomena. 

The early results reported by the IRIS 
mission show the power of spectroscopy 
in terms of understanding energy sources 
on the Sun. All the phenomena described 
so far are low-energy or small-scale phe- 
nomena. With the Sun close to reaching 
a maximum in activity, IRIS observations 
will continue to be important to our under- 
standing of the solar wind that emanates 
from the active latitudes, solar flares, and 
coronal mass ejections. & 
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Before the 
Kardashian Index 


IN HER IN DEPTH News feature “Who 

are the science stars of Twitter?” (19 
September, p. 1440), J. You explores the 
so-called Kardashian Index, defined as the 
number of followers a scientist has on the 
social media platform Twitter relative 

to their academic citation count. 

While this may provide insight into 

the profile of scientists engag- 

ing in this type of science 

communication, such an d 
approach misses a larger a 
and much more pressing = 
problem. Although a grow- 

ing number of scientists a 
are engaging social media 

as a means of science com- 
munication, little information is 
available on whether it’s actually 
worth our time. 

We are largely ignorant of how 
many people we actually reach, 
whom we are reaching, and whether or 
not 140 characters is sufficient to actually 
change their knowledge about, or attitudes 
toward, science. However, early evidence 
suggests that rather than communicating 
with a broader public, scientists using 
social media are largely communicating 
with one another (7). Moreover, social 
media may not even be the most effective 
means by which to promote meaningful 
engagement in science, as compared with 
other web-based approaches (2). Until we 
have a more complete body of research, 
perhaps we should withhold judgment on 
whether there is value to actually being a 
“Science Kardashian.” 

Gregory R. Goldsmith 
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Nuanced negative 
result reporting 


A. FRANCO, N. MALHOTRA, and G. 
Simonovits (“Publication bias in the social 
sciences: Unlocking the file drawer,’ 
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Reports, 19 September, p. 1502) present 
convincing evidence of publication bias in 
the social sciences. Encouraging publica- 
tion of negative results will indeed benefit 
the research community, but the proposed 
solution of creating repositories or new 
dissemination channels may do little to 
dent the “file-drawer” problem of selective 
reporting of research results. 

Preregistration and protocols may prove 
unrealistic as data sets become larger and 
richer and data-mining techniques—for 
better or worse—increasingly supplement 
the classical single-hypothesis/experiment 

framework (1). Moreover, we have 

learned from experience that 

building a new reporting chan- 
nel will not, in itself, mainstream 
reporting of negative results (2). 

Technical advances have 

removed some of the obstacles 

to the publication of negative 
results. Digital dissemination 
is not constrained by the 
availability of trees. 
Computational preprocess- 
ing—that is, machine sorting 
of large volumes of text to 
highlight interesting patterns 
that can then be checked by 

a skilled human researcher— 
may enable us to read and sort 
through quantities of findings we previously 
could not handle. For example, research- 
ers from Baylor College of Medicine 
recently used an automated system to scan 
23 million Medline papers and identify 
more proteins to target for cancer 
research than human medical researchers 
typically do in a year (3). 

However, technology adoption and 
institutional reform get us only so far. 
Innovation, incentives, and penalties must 
go hand in hand with a normative basis for 
publishing negative results (4), and with 
clear criteria and standards for evaluating 
them. King notes that it may be difficult to 
distinguish more from less useful nega- 
tive results (5), but it is not impossible. 

We must develop a more nuanced view of 
when, why, and how to report informative 
null results (6). 

A single result may contain little truth 
but much information—even information 
about what does not work—which moves 
science forward. A so-called weak result, 
seen in context, may prove a more valuable, 
informative contribution than a so-called 
strong result in isolation. 
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Support underway for 
coastal ecosystems 


IN HIS PERSPECTIVE “A global strategy 
for protecting vulnerable coastal popu- 
lations” (12 September, p. 1250), E. B. 
Barbier proposes the establishment of a 
global emergency task force, combined 
with international financial support to 
reduce vulnerability in the long-run, as 
a means to protect coastal populations 
from the threats posed by climate change. 
A disaster task force would be a valu- 
able addition to existing international 
approaches to climate change adaptation; 
in fact, the proposed financing of a long- 
term strategy is already underway. 

Barbier lists three objectives for a 
long-term coastal adaptation strategy: 
managing risks of costal storms, investing 
in coastal ecosystems and key infrastruc- 
ture, and enhancing institutional and 
community response capacities. These 
activities conform with the strategic objec- 
tives of the Global Environment Facility’s 
(GEF) Adaptation Program (7), which 
serves as a financial mechanism to the 
United Nations Framework Convention on 
Climate Change (UNFCCC). 

The estimated need of $575 million 
to support coastal adaptation in the 
developing world overlooks existing 
bilateral financing. It also fails to take 
into account multilateral assistance that 
already amounts to $247 million: The 
GEF’s Adaptation Program has allocated 
$139 million for climate-resilient coastal 
zone management; the World Bank’s 
Pilot Program for Climate Resilience has 
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approved $73 million; and the Adaptation 
Fund under the Kyoto Protocol, $35 
million. 

Barbier notes that developing economies 
would benefit from assistance for insti- 
tutional capacity-building. There already 
have been substantial efforts in that 
direction. Fifty least-developed countries 
have already completed their National 
Adaptation Programs of Action (2), a list 
of national priority adaptation needs, as a 
result of the UNFCCC process and financed 
by the GEF’s Adaptation Program. Country 
parties to the UNFCCC further agreed 
that, as a next step, so-called National 
Adaptation Plans will be developed that 
will mainstream climate change adapta- 
tion into broader development frameworks 
in developing countries (3). 
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Science and religion: 
Think local 


IN THE 19 SEPTEMBER issue, M. McNutt’s 
Editorial “The Pope tackles sustain- 
ability” (p. 1429) and P. Dasgupta and V. 
Ramanathan’s Policy Forum “Pursuit of 
the common good” (p. 1457) highlighted 
the important role that religious commu- 
nities and institutions can have in efforts 
to mitigate the impacts of anthropogenic 
climate change. On a global scale, Pope 
Francis can uniquely engage and orient 
the minds of many people to the problem 
of climate change, but a gulf still exists 
between the scientific and religious com- 
munities that cannot be bridged solely by 
macro-scale efforts. 

At smaller scales and within particular 
religious communities, a general distrust 
of the scientific community predisposes 
people to doubt the scientific evidence 


for anthropogenic climate change. This 
predisposition must be addressed in order 
for some people to support the individual 
and collective socioeconomic changes 
that are necessary for mitigation. Given 
that this predisposition likely transcends 
denominational and theological lines, a 
unique voice is needed that can simul- 
taneously build trust in these diverse 
communities and inform about the details 
of climate change. 

I contend that scientists within reli- 
gious communities are positioned to be 
this voice. Such scientists have existing 
relationships with non-scientists in their 
religious communities that are built on 
direct lines of communication and trust, 
making them well-suited for this task. 
Thankfully, there are already scientists 
who are leading this effort and providing 
a model for others to do the same (1). 
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Phenylalanine reveals 


it’s electronic secrets 
Calegari et al., p. 336 


IN SCIENCE JOURNALS 


Tornado traveling 
across a plain 
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Tornadoes clustering in greater numbers 


ill global warming cause more tornadoes? If so, that has not happened yet. Brooks et al. 
compiled data on the occurrence of tornadoes in the United States between 1954 and 
2013 to determine if and how tornado numbers have changed. Although the authors saw 
no clear trend in the annual number of tornadoes, they did see more clusters of torna- 
does since the 1970s. In other words, there has been a decrease in the number of days 
per year with tornadoes but an increase in the number of days with multiple tornadoes. Why this 
clustering effect has occurred is not clear. — HJS 


PLANETARY GEOLOGY 
What’s inside Saturn’s 


tiniest moon? 

The icy body Mimas is the small- 
est of Saturn's main moons, only 
slightly wider than Switzerland. 
Like our own Moon, Mimas is tid- 
ally locked in its orbit and shows 
nearly the same face to Saturn 
at all times. The rotational and 
orbital periods continually over- 


take each other slightly, however, 


so that the moon would appear 
to rock back and forth as viewed 
from Saturn. Tajeddine et al. 
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measured these movements 
with the Cassini spacecraft to 
see what they reveal about the 
moon's interior. Surprisingly, the 
data are consistent with models 
for a subsurface ocean or an 
elongated core. — MMM 


Science, this issue p. 322 


NANOMEDICINE 
Detoxing drug overdoses 
with nanoparticles 


Quick action can save lives from 
drug overdoses. But what if the 
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Science, this issue p. 349 


right antidote for the toxic drug 
or poison is not at hand? A new 
twist on peritoneal dialysis—an 
older method for replacing the 
function of failing kidneys—may 
provide the answer. Forster 

et al. injected nanosized lipid 
vesicles into the peritoneal 
cavity of rats. Charged toxins 
such as ammonia were driven 
inside the acidic vesicles by the 
pH gradient. Peritoneal dialysis 
with these loaded liposomes 
also rescued rats suffering from 
deadly amounts of verapamil, a 
heart drug that can cause lethal 
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overdoses. The approach also 
worked for other drugs. Such 
liposomes may thus provide an 
all-purpose antidote. — MLF 

Sci. Transl. Med. 6, 258ral41 (2014). 


DEVELOPMENTAL BIOLOGY 
Ensuring a one-way 
flow of lymph 


Without lymphatic vessels and 
valves to ensure unidirectional 
flow, fluid and immune cells 
that have gone into tissues 
from the blood—lymph—would 
build up and cause swelling. Liu 
et al. noted that the regions of 
developing lymphatic vessels 
destined to become valves 
had high levels of the recep- 
tor VEGFR3 but low levels of 
epsin 1 and 2, proteins involved 
in endocytosis. Epsin 1 and 2 
suppressed VEGFR3 signaling 
in collecting lymphatic trunks 
by triggering the endocytosis 
and breakdown of VEGFR3. 
Mice lacking epsin 1 and 2 in the 
endothelial cells lining lymphatic 
vessels had defective lymphatic 
valves and impaired drainage. 
— WW 

Sci. Signal. 7, ra97 (2014). 


TROPHIC CASCADES 
A thorny defense 
keeps grazers at bay 


Fear and avoidance of predators 
are known to influence how and 
where herbivore prey species, 
such as impala, forage. This in 
turn has cascading effects on 
plant morphologies and com- 
munities. Plants, however, have 
their own defenses, and so may 
not just be hapless victims of 
the predator-prey “dance.” Ford 
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et al. found that thorny Acacia 
trees are more common in areas 
where impala experience a low 
risk of predation by wild dogs. A 
related Acacia, without thorns, 
is most abundant in areas where 
risk of predation is high, and so 
the number of hungry impala is 
low. — SNV 


Science, this issue p. 346 


QUANTUM ELECTRONICS 
Complex light and 
matter interactions 


When electrons are confined to 
a plane, lowered in temperature, 
and subjected to a magnetic 
field, they can interact and orga- 
nize themselves into so-called 
many-body states and exhibit 
complex quantum electronic 
behavior. However, discerning 
the underlying interactions can 
be difficult. Adding light to the 
mix, Smolka et al. now show that 
these self-organized electronic 
states can be controlled and 
manipulated to unravel the 
details of the exotic electronic 
behavior. — ISO 


Science, this issue p. 332 


STRATEGIC REASONING 
Smart monkeys can 


outwit a computer 


What happens in the brain when 
we are learning to compete 
against an opponent? Seo et al. 
observed monkeys competing 
against a computer that can 
adapt to the monkey's behavior. 
The monkeys switched their 
learning strategies when they 
worked out that their opponent 
was reacting to their behavior. 
The responses of the dorsome- 
dial prefrontal cortex cells in the 
monkey brains predicted their 


choices and switches in 
strategies. — PRS 


Science, this issue p. 340 


ION CHANNELS 
lons knock each other 
across the membrane 


Potassium channels play a 

key role in regulating a cell's 
membrane potential, which in 
turn affects diverse processes. 
The channels contain four 
potassium binding sites that are 
thought to be alternately occu- 
pied by potassium and water. 
Starting from high-resolution 
crystal structures, Kopfer et al. 
simulated over a thousand 
potassium ions crossing the 
channel (see the Perspective by 
Hummer). They found that ions 
are in direct contact rather than 
being separated by water as 
previously assumed. It seems 
that repulsion between the 

ions is the key to their efficient 
movement through the channel. 
—VV 


Science, this issue p. 352; 
see also p. 303 


AUTOIMMUNITY 
Finding the targets 
of T cells gone bad 


Autoimmune diseases such as 
rheumatoid arthritis can result 
when the immune system 
attacks its own body. If we could 
identify the specific proteins 
targeted by autoimmune T 
cells, we might then be able to 
block this interaction, which 
might be useful therapeutically. 
Ito et al. identified one such 
target in mice that develop a 
disease similar to rheumatoid 
arthritis. Disease-causing T cells 
recognized a protein that is part 
of the ribosome, a large 
protein complex that 
catalyzes protein 
synthesis. They 
also found T 
cells specific 
for this protein 
in people with 
rheumatoid 
arthritis. — KLM 


Science, this issue 
p.363 


IN OTHER JOURNALS 


ANTIBIOTICS 


Edited by Kristen Mueller 
and Jesse Smith 


Charting the course of antibiotic failure 


acterial resistance to antibiotics is a major public 

health problem. To better understand this in a clinical 

setting, Currie et al. analyzed a 20-year prescribing his- 

tory of antibiotics by UK primary care practitioners and 

report a 12% increase in treatment failure (when a spe- 
cific antibiotic fails to cure an infection). The authors found 
only small decreases in the ability of frontline drugs, such as 
penicillins and macrolides, to control respiratory tract and 
soft tissue infections. More worryingly, however, second-line 
antibiotics, such as cephalosporins and quinolones, often 
used to treat elderly and frail patients with pneumonia, 
showed higher failure rates since 1991. — CA 


MAMMAL DIGIT NUMBER 
Protein sorting sets 
digit number 


Like human fingers and toes, 
mice have five digits on their 
front and back paws. To better 
understand the molecular 
mechanism behind this, 


BMJ10.1136/bmj.g5493 (2014). 


Handschuh et al. studied mice 
with extra or fused digits caused 
by a mutation that leads to 
reduced expression of the 
protein Vps25. Vps25 helps to 
sort proteins at the cell surface 
in a process called endosomal 
protein trafficking. Such sorting 
ensures that cells express just 
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PALEONTOLOGY 


Meat-eater lived in extinction’s wake 


newly described dinosaur unearthed in Venezuela is a 
close relative of creatures that later evolved into giant 
meat-eaters such as Allosaurus and Tyrannosaurus rex. 
Langer et al. examined two lower leg bones from two 
different individuals of Tachiraptor admirabilis. The two 
bones were different enough from those of known species to 
mark the creature as new. T: admirabilis was a theropod, mea- 
suring 1.5 meters from nose to tail. The bones were found in 
an ancient flood plain, in sediments deposited 200.7 million 
years ago—less than 1 million years after the mass extinction 
that marked the end of the Triassic period and the beginning 


of the Jurassic. — SP 


Roy. Soc. Open Sci. 10.1098/rsos.140184(2014). 


the right amount of particular 
proteins, so things such as tis- 
sue development go off without 
a hitch. In Vps25 mutant mice, 
cells divided more in hindlimbs, 
and fewer cells in the spaces 
between digits died, which sug- 
gests that digit development 
requires that cells sort their 
proteins properly. — BAP 
Cell Reports 
10.1016/j.celrep.2014.09.019 (2014). 


MINERAL PHYSICS 
Unraveling ringwoodite 
hydration in mantle 


Certain high-pressure minerals 
in Earth's mantle are likely to 
contain oceans’ worth of water 
dissolved into their crystal 
structures. Exactly how water 
dissolves into ringwoodite, an 
important mineral in the mantle 
transition zone, influences our 
ability to detect mantle water 
using geophysical tools. Purevjav 


312 


et al. tackle this problem by using 
a powerful beam of neutrons to 
determine the location of hydro- 
gen atoms in the ringwoodite 
structure. They found that 
hydrogen substitutes for any of 
the major cations, dramatically 
lowering the speed of seismic 
waves in the mineral. This 
discovery may make it possible 
to map important water content 
variations in the transition zone 
of Earth's mantle. — BG 


Geophys. Res. Lett. 
10.1002/2014GL0614488 (2014). 


BEHAVIORAL SCIENCE 
A costly reluctance 
to speak out 


Decision-making in groups 
depends not only on whether any 
of the group members knows the 
right answer but also on whether 
the most informed members 
actually speak up. Coffman 
examined the propensity to 
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contribute one’s ideas in a pared- 
down laboratory knowledge test 
in which other factors, such as 
discrimination and argumenta- 
tiveness, do not play a role by 
design. She found that under- 
graduate women contribute their 
answer to the group less often 
than undergraduate men. The 
authors observed that this was 
subject area—dependent: women 
showed the least amount of 
reluctance for the most female- 
stereotyped subject area, arts, 
and the greatest amount for the 
most male-stereotyped subject, 
sports. — GJC 
Quart. J. Econ. 129, 10.1093/qje/qju023 
(2014). 


LIMNOLOGY 
How many lakes are 
there on Earth? 


Most maps or databases of global 
lakes either omit small lakes or 
estimate their numbers, leaving 
accurate calculations of their net 
subaerial coverage uncertain. 
This makes it difficult to deter- 
mine the role of lakes in Earth's 
carbon cycle. Verpoorter et al. use 
high-resolution satellite images to 
create a database of all lakes with 
surface areas greater than 2000 
square meters. The interpretation 
of satellite images can be ham- 
pered by the presence of features 
such as dark forests or moun- 
tain shadows, so the authors 
developed a special algorithm 

to overcome these problems. 
They conclude that there are 117 
million lakes, covering 3.7% of 
Earth's land area not covered by 
ice. They conclude that there are 
fewer lakes, but that those lakes 
cover more area, than previous 
estimates have indicated. — JFU 


Geophys. Res. Lett. 
10.1002/2014GL060641 (2014). 
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INFECTIOUS DISEASE 
Taking the temperature 


of virulence 


Cholera kills more than 100,000 
people yearly and results from 
consuming food or water con- 
taminated with Vibrio cholerae. 
The bacterium only expresses 
virulence factors, proteins that 
cause disease, when it infects 
people. Weber et al. investigated 
how this occurs at a molecu- 

lar level and discovered that 

the bacteria possess an “RNA 
thermometer,” which turns on 
expression of these virulence 
factors. At low temperatures, as 
found in water inhabited by the 
bacteria, a sequence from the 
bacterium's toxT messenger 
RNA (toxT encodes a protein 
that turns on virulence gene 
expression) folds into a 
structure that prevents its 
translation. However, at human 
body temperature, the structure 
opens up and the bacterium 
can express its virulence factor 
genes. — BJ 


Proc. Natl. Acad. Sci. U.S.A. 10.1073/ 
pnas.1411570111 (2014). 


THEORETICAL BIOLOGY 
Finding ways to reach 
the right endpoint 


Most complex systems have 
an element of randomness: 
Even if we can describe them 
exactly at one point in time, we 
don't know for certain where 
they will be next. Scientists use 
stochastic equations to 
compute the many possible 
trajectories these systems can 
take. If we constrain both end 
points of such trajectories, the 
usual approach of calculating 
all trajectories and rejecting 
those that do not end at the 
desired final point can be very 
inefficient. Zhao et al. intro- 
duced an approach in which 
they modified the probabilities 
for moving from one state to 
the next, so that the system 
was guaranteed to reach the set 
final state. The authors used 
examples from population 
genetics to illustrate the power 
of the method. — JS 

J. Theor. Biol. 363, 419 (2014). 
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Applying evolutionary biology to 
address global challenges 


Scott P. Carroll,* Peter Sogaard Jorgensen,* Michael T. Kinnison, Carl T. Bergstrom, 
R. Ford Denison, Peter Gluckman, Thomas B. Smith, Sharon Y. Strauss, Bruce E. Tabashnik 


BACKGROUND: Differences among species 
in their ability to adapt to environmental 
change threaten biodiversity, human health, 
food security, and natural resource avail- 
ability. Pathogens, pests, and cancers often 
quickly evolve resistance to control measures, 
whereas crops, livestock, wild species, and 
human beings often do not adapt 

fast enough to cope with 
climate change, habi- 

tat loss, toxicants, 
and lifestyle 
change. To 
address 


Toolbox 


Control harmful organisms 


TACTICS | 


Protect desirable organisms 


these challenges, practices based on evolu- 
tionary biology can promote sustainable out- 
comes via strategic manipulation of genetic, 
developmental, and environmental factors. 
Successful strategies effectively slow un- 
wanted evolution and reduce fitness in costly 
species or improve performance of valued 
organisms by reducing phenotype- 
environment mismatch or 
increasing group pro- 
ductivity. Tactics 
of applied 
evolution- 

ary bi- 


RAPID 
EVOLUTION 


MISMATCH 


Implementation 


by manipulation of 


1) slow unwanted evolution 
2) reduce fitness 


3) reduce phenotype- 
environment mismatch 


4) increase group performance 


* Genotype 
* Development 
+ Environment 


Tactics and tools of applied evolutionary biology. (Top) Evolutionary tactics to address the 
major societal challenges treated in the present study are shown as a wheel. Challenges in the 
food, health, and environment sectors are caused by rapid contemporary evolution or, in more 
slowly reproducing or threatened species, phenotype-environment mismatch. Gene flow and 
selection agents make challenges in one sector dependent on actions in others. Current prog- 
ress in implementing tactics of applied evolutionary biology to address challenges varies widely. 
(Bottom) Many of these tactics use a common toolbox of strategies to prevent unwanted evo- 
lution or to reduce fitness in harmful organisms, as well as to reduce mismatch between organ- 
isms and human-altered environments or to increase group performance in desired organisms. 
Each of these strategies uses a combination of manipulations of the organismal genotype, phe- 
notypic plasticity (development), or environmental conditions. 
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ology range broadly, from common policies 
that promote public health or preserve habi- 
tat for threatened species—but are easily over- 
looked as having an evolutionary rationale, to 
the engineering of new genomes. 


ADVANCES: The scope and development 
of current tactics vary widely. In particular, 
genetic engineering attracts much attention 
(and controversy) but now is used mainly 


for traits under simple 
ON OUR WEB SITE 


genetic control. Human 


; gene therapy, which 
Read the full article ; é 
at http://dx.doi mainly involves more 
.org/10.1126/ complex controls, has 


science.1245993 


yet to be applied suc- 
cessfully at large scales. 
In contrast, other methods to alter complex 
traits are improving. These include artificial 
selection for drought- and flood-tolerant 
crops through bioinformatics, and applica- 
tion of “life course” approaches in medicine 
to reduce human metabolic disorders. 

Successful control of unwanted evolution 
depends on governance initiatives that ad- 
dress challenges arising from both natural 
and social factors. Principal among these 
challenges are (i) global transfer of genes 
and selection agents; (ii) interlinked evo- 
lution across traditional sectors of society 
(environment, food, and health); and (iii) 
conflicts between individual and group in- 
centives that threaten regulation of anti- 
biotic use and crop refuges. Evolutionarily 
informed practices are a newer prospect in 
some fields and require more systematic re- 
search, as well as ethical consideration—for 
example, in attempts to protect wild species 
through assisted migration, in the choice of 
source populations for restoration, or in ge- 
netic engineering. 


OUTLOOK: A more unified platform will 
better convey the value of evolutionary meth- 
ods to the public, scientists, and decision- 
makers. For researchers and practitioners, 
applications may be expanded to other dis- 
ciplines, such as in the transfer of refuge 
strategies that slow resistance evolution in 
agriculture to slow unwanted evolution 
elsewhere (for example, cancer resistance 
or harvest-induced evolution). For policy- 
makers, adoption of practices that minimize 
unwanted evolution and reduce phenotype- 
environment mismatch in valued species is 
likely essential to achieve the forthcoming 
Sustainable Development Goals and the 
2020 Aichi Biodiversity Targets. & 
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Applying evolutionary biology to 
address global challenges 


Scott P. Carroll,”?*} Peter Segaard Jergensen,”**} Michael T. Kinnison,” 
Carl T. Bergstrom,® R. Ford Denison,’ Peter Gluckman,® Thomas B. Smith,?'° 


Sharon Y. Strauss,” Bruce E. Tabashnik’” 


Two categories of evolutionary challenges result from escalating human impacts on the 
planet. The first arises from cancers, pathogens, and pests that evolve too quickly and 

the second, from the inability of many valued species to adapt quickly enough. Applied 
evolutionary biology provides a suite of strategies to address these global challenges 
that threaten human health, food security, and biodiversity. This Review highlights both 
progress and gaps in genetic, developmental, and environmental manipulations across 
the life sciences that either target the rate and direction of evolution or reduce the 
mismatch between organisms and human-altered environments. Increased development 
and application of these underused tools will be vital in meeting current and future 


targets for sustainable development. 


uman influence on the biosphere (/, 2) has 

profound consequences for both the rate 

and direction of evolution (3). Among the 

consequences are the challenges billions 

of people face from the effects of cancers, 
pests, and pathogens that adapt quickly to our 
interventions against them. At the same time, 
humans and other organisms that we value for 
economic, ecological, or aesthetic reasons are 
often not able to adapt quickly enough to keep 
pace with human alterations of the environ- 
ment. These contemporary dilemmas increasingly 
threaten human health, food security, and bi- 
ological diversity (4-12). For example, the World 
Health Organization (WHO) warns that micro- 
bial resistance to antimicrobial drugs threatens 
the achievements of modern medicine (73). Like- 
wise, more than 11,000 documented cases of pes- 
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ticide resistance in nearly 1000 species of insects, 
weeds, and plant pathogens jeopardize agricul- 
tural economies and food supplies worldwide 
(14). Failure to adapt may be equally dire and 
costly, as in the prevalent mismatch between 
modern human nutritional and lifestyle behav- 
iors and those of our evolutionary past, which is 
generally considered a major contributing factor 
to the high incidence of obesity and associated 
illnesses such as type 2 diabetes mellitus and car- 
diovascular disease (15). Meanwhile, the prospect 
of Earth’s sixth mass extinction of species be- 
comes imminent as species are unable to adapt 
quickly enough to environmental change (6). A 
growing application of principles from evolu- 
tionary biology to challenges such as these may 
improve our ability to meet many of the most 
pressing problems of the 21st century (72, 17-19). 

Here, we review current and prospective ap- 
plications of evolutionary biology that may pro- 
vide solutions for major societal challenges. We 
examine management approaches that attempt 
either to improve or to undermine adaptation to 
modern environments by manipulating the rela- 
tions between the traits of organisms and the 
patterns of selection imposed by their environ- 
ments. These manipulations include tools that 
may be widely considered evolutionary, such as 
selective breeding and emerging technologies in 
genetics, as well as manipulations that are often 
overlooked as evolutionary, specifically manipu- 
lations of development that modify traits inde- 
pendent of genetic change and the altering of 
environments in ways that can modulate selec- 
tion itself. A conceptual framework linking all of 
these genetic, developmental, and environmental 
manipulations is likely to lead to greater im- 
plementation and cross-disciplinary integration 
of applied evolutionary methods. We highlight 
how evolutionary strategies may be used to achieve 
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policy targets of sustainable development for im- 
proved human health, food production, natural 
resource use, and biodiversity conservation, in- 
cluding how stakeholder conflicts may be reduced 
to achieve desired outcomes. Throughout, we un- 
derscore the merits of building a more unified 
and integrated field of applied evolutionary bi- 
ology to address global challenges. 


Core evolutionary concepts and their 
relevance to global challenges 


Evolution, defined as the change in genetic make- 
up of a population over successive generations, 
requires genetic variation, which arises from mu- 
tation and recombination (20). Most important 
for adaptation is genetic variation that affects 
variation in functional traits (2), such that al- 
ternate genotypes produce alternate phenotypes. 
Selection increases the frequency of genes that 
improve fitness—the ability to survive and repro- 
duce. The specific genetic basis for most traits is 
not known, but trait differences among individ- 
uals typically have a significant heritable (geno- 
typic) basis. This basis includes heritable aspects 
of development, which also may evolve and give 
rise to adaptive phenotypic plasticity (22). A pop- 
ulation with low fitness may experience strong 
natural selection that favors better-adapted geno- 
types. However, strong selection will not neces- 
sarily “rescue” a population if there are too few 
adapted individuals or suitable genes for the 
population to persist (23). Movement of genes 
between populations (gene flow) and random 
changes in gene frequency in small populations 
(genetic drift) can also cause evolution and in- 
fluence the outcome of natural selection (20). 
These concepts apply not only to organisms from 
bacteria to humans but also to viruses and cancer 
cells (24). 

The core concepts of evolutionary biology are 
best known for explaining the unity, diversity, 
and adaptive characteristics of organisms (7). 
Phylogenetic methods that establish the related- 
ness of organisms are central to understanding 
the patterns and processes of evolution under- 
lying the function and diversity of living systems 
(25). The practical applications of phylogenetic 
methods have been thoroughly reviewed by others 
and include such diverse objectives as reconstruct- 
ing invasion routes of harmful organisms, conser- 
vation planning, and combating crime (/7, 26). 
Here, we focus on the manipulation of processes 
that determine the adaptedness of individuals, 
populations, and other biological systems in order 
to meet management objectives (Fig. 1). 

Agriculture, medicine, and conservation address 
different challenges but, nonetheless, share com- 
mon strategies to manage phenotype-environment 
mismatch and the associated risks to populations 
experiencing strong selection (Fig. 2). Those strat- 
egies can be classified as genotypic, developmental, 
or those related to environmental manipulations. 
The potential sustainability of such practices 
may be assessed by comparing the intensity of 
selection with the adaptive capacity of a target 
population (27). For example, the widespread 
use of antibiotics that exert strong selection on 
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Contemporary 
evolution 


log (population size) 


Phenotype- 
environment 
mismatch 


log (generation time) 


Fig. 1. The two central paradigms of applied evolution are managing contemporary evolution and 
phenotype-environment mismatch. Managing contemporary evolution is critical for rapidly reproduc- 
ing organisms with large population sizes, such as the methicillin-resistant Staphylococcus aureus 
(MRSA), pictured top left. Altering phenotype-environment mismatch is most relevant for organisms 
with relatively long generation times and low population sizes, such as the large mammals shown lower 
right. Labels in ovals refer to example organisms, viruses, or cell types in specified management sectors. 
“All” indicates relevance to all management sectors (food, health, and environment). References are 


provided in table S1. 


bacteria is typically not sustainable for con- 
trolling highly adaptable microbe populations, 
because they rapidly evolve resistance (28). Ac- 
cordingly, the sustainability of antibiotic use 
can be increased by either reducing selection, for 
example, through regulated use of particularly 
strong antibiotics, or by attempts to surpass the 
adaptive capacity of microbes through drug com- 
binations (29). Below, we review successes and 
emerging methods in applied evolutionary bi- 
ology, highlighting commonalities across the 
sectors of health, food, and environmental man- 
agement (Fig. 3). 


Successes and prospects in applied 
evolutionary biology 


Applied evolutionary biology encompasses wide- 
ly different manipulations that may together 
achieve a broad range of goals. From protecting 
biodiversity with conventional environmental 
management that increases fitness in wild en- 
vironments to medical recommendations for 
traditional diets, some methods of applied evo- 
lutionary biology have a long history of use, even 
if they are not often seen as evolutionary in na- 
ture. In contrast, the synthesis of wholly novel 
genomes with emerging technologies represents 
obvious evolutionary manipulation that deliber- 
ately adds new organisms to the tree of life, but 
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with little history of application, it involves un- 
known risks and public controversy. Here, we 
review some of the most recent successes and 
leading prospects for the application of evolu- 
tionary biology, in a progression from relatively 
well established methods to underexplored strat- 
egies. We first consider manipulations of selection 
to improve population productivity and individ- 
ual health and to delay the emergence of resist- 
ance (Fig. 2). We then examine less developed 
methods for the cultivation of populations in- 
herently preadapted to impending environmen- 
tal changes and for innovative applications of 
group selection in crops and wildlife. We end 
this section with urgent considerations for man- 
aging evolutionary factors that span disciplinary 
boundaries, as in cases of emerging zoonotic 
disease. 


Environmental alignment to secure 
biodiversity and human health 


A common application of evolutionary princi- 
ples is to manage current environments to be 
more like the historical habitats in which selec- 
tion shaped the genetic makeup of humans and 
other species. Conventional habitat protection 
and restoration recognize that threatened spe- 
cies often adapt poorly to changing environments 
in the wild (26, 30). Conversely, rapid adaptation 


to captive rearing programs used to rebuild 
populations of rare species contributes to a 50 
to 90% failure rate of reintroductions (37). Re- 
introduction success has been improved with en- 
closures and rearing methods that mimic wild 
conditions and by limiting the number of cap- 
tive generations to minimize adaptation to arti- 
ficial conditions (32). 

Some of the most serious noncommunicable 
diseases in humans may be prevented by bet- 
ter aligning current environments with those in 
which our hunter-gatherer ancestors evolved (33). 
Sedentary modern lifestyles and diets with high- 
glycemic index processed foods are increasingly 
implicated in the rapidly rising rates of obesity, 
diabetes, and cardiovascular disorders (34). These 
disorders are estimated to contribute to about 
two-thirds of all deaths in Western societies (35) 
and to a growing proportion of deaths in de- 
veloping countries (36, 37). In 2012, the eco- 
nomic burden of type 2 diabetes alone was 
estimated at $500 billion globally, nearly 1% 
of world Gross Domestic Product (38). To restore 
conditions to which people are better adapted 
physiologically, while retaining the desired ele- 
ments of a modern lifestyle (35), public health 
scientists recommend greater physical activity 
(39) with reduced consumption of refined carbo- 
hydrates (36), that is, diets and activity levels 
closer to those of the past, to which we are better 
adapted. More generally, a number of evolution- 
arily based tools are available to prevent chronic 
noncommunicable diseases, including the 19% 
of global cancer incidents that WHO attributes 
to environmental exposure (40). These tools in- 
clude life-course approaches, which manage the 
timing and duration of environmental expo- 
sures to minimize risks of subsequent chronic 
disease (41). From a public health standpoint, 
environmental approaches to disease preven- 
tion may often be most cost-effective when ap- 
plied outside of health care settings and when 
simultaneously targeting groups of people rather 
one individual at a time, such as through price 
regulation on goods or public information cam- 
paigns (42). Further, systematic population scans 
that associate disease phenotypes with human 
genotypes (43, 44) are an important tool for de- 
termining the genetic basis of lifestyle diseases 
and, therefore, in assessing heritable risk and 
treatment options. Such assessments, however, 
run the risk of identifying false-positives and 
underestimating the complexity of genetic and 
epigenetic regulation (45, 46). For example, it is 
estimated that 90% of chronic disease risk can- 
not currently be directly linked to genetic fac- 
tors but is more likely to be understood in the 
context of human environmental exposures, such 
as diet and toxicants (47). Thus, future prevention 
and treatment of chronic diseases will combine 
enhanced genotype-phenotype association scans 
with improved monitoring of toxic compounds 
in the surrounding environment and in human 
tissues (47). Such genotype-phenotype associa- 
tion studies search simultaneously for associations 
across the hundreds of disease phenotypes in- 
cluded in electronic medical registers (45). This 
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Fig. 2. Phenotype-environment mismatch. (A) Mismatch between phenotypes and an environment occurs when a 
population's phenotypic trait distribution differs from the optimum; greater mismatch increases selection for 
adaptation but also implies greater costs through reduced survival and reproduction. (B) Genotypic manipulations 
reduce mismatch by managing existing genetic variation or introducing new genes. For example, conventional 
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to both drought and herbicides 
brought to market in 2013 (55, 59). 
Regardless, whether produced via 


Optimum artificial selection or genetic engi- 

Phenotype phenotype neering, the potential to improve 
distribution range food security by reducing mis- 
match may be greatest when tech- 

Genes : , nology allows growers to select or 
perce —> tb pee customize crop varieties for adap- 


D 


Environment manipulation 


tation in their local agroecosys- 
tems (60). 

In contrast to the advances in 
agriculture, genetic modification 
to treat human disease is in a trial 
phase. Gene therapy is under de- 
velopment mainly for diseases 
with high heritability and simple 
genetic control, in which replac- 
ing or complementing parts of 
a patient’s genome can improve 
their health (67-63). Therapies in 
advanced trial stages include the 
targeting of retinal cells to prevent 
expression of heritable blindness 
(64, 65), and oral administration 
of p53 gene for tumor suppression 
(66). However, even as targeted 
DNA analysis and whole-genome 
sequencing of patients becomes 
increasingly routine (67), few ef- 
forts have met the promise of 
their preclinical and clinical trials 
to reach final approval phase of 
“postmarketing” surveillance trials 
(68, 69). 


corn is damaged by insect pests (left) that are killed by bacterial proteins produced by GE Bt corn (right). Alter- 


natively, evolutionary mismatch can also be managed by (C) developmental manipulations of phenotypes, such as 
vaccination to enhance immunity against pathogens, or (D) environmental manipulations, such as habitat restora- 
tion. These examples demonstrate methods to reduce mismatch, but these same tactics can be reversed to impose 


greater mismatch where beneficial to human interests (e.g., pest eradication). 


expanded approach reduces the rate of false- 
positives and helps to identify genetic factors 
that contribute to multiple diseases, as well as 
diseases controlled by multiple genes. 


Altering genomes for improved food 
security and human health 


Climate change and environmental degradation 
compromise the productivity of agricultural sys- 
tems that must feed a rapidly growing human 
population (48). Genetic modification of crops, 
through enhanced artificial selection methods and 
perhaps genetic engineering, will likely be impor- 
tant in meeting these challenges. Genetically en- 
gineered (GE) crops were first grown on a large 
scale in 1996, and during 2013, 18 million farmers 
in 27 countries planted GE crops on ~10% of the 
world’s cultivated land (175 million hectares) (49). 
More than 99% of this area was planted with 
soybean, corn, cotton, or canola into which genes 
were inserted to confer tolerance to herbicides, 
protection against insects, or both (50). These en- 
gineered varieties are extreme examples of appar- 
ently effective genotypic manipulations to reduce 
mismatch to specific environments. However, so- 
cietal acceptance is an important factor, and GE 
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crops remain controversial (517, 52). They have 
not been adopted widely in some regions, in- 
cluding Europe, where alternative manipulations 
of evolutionary mismatch, such as use of non-GE 
lines with some degree of tolerance, pesticide ap- 
plications, and integrated pest management serve 
as alternative genotypic and environmental ma- 
nipulations (53). 

An alternative to genetic engineering is en- 
hanced artificial selection and hybridization of 
superior cultivated varieties with molecular ge- 
netic tools that identify individuals and gene 
regions conveying preferred traits (54). A pri- 
ority application, where genetic engineering has 
until now been less successful (55), is to improve 
abiotic tolerance because of more frequent 
weather extremes under climate change. For 
example, flood-tolerant rice, which is grown by 
two million farmers in Bangladesh and India 
(49), was developed with marker-assisted breed- 
ing by using molecular markers of quantita- 
tive traits to identify targets for hybridization 
and selection (56). At the same time, candidate 
drought-tolerance genes for GE crops have also 
recently been identified in rice, as well as corn 
(57, 58), with corn hybrids putatively tolerant 
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Using environmental 
heterogeneity to delay 
the evolution of resistance 


One of the most costly and wide- 

spread outcomes of efforts to con- 
trol populations is the rapid evolution of resistance 
to control measures in insect pests (1/4), weeds (70), 
pathogens, and cancers (77). For example, inten- 
sive use of the systemic herbicide glyphosate 
[N-(phosphonomethyl)glycine] by farmers, par- 
ticularly those who grow glyphosate-tolerant GE 
crops, has selected for resistance in 24 weed 
species in 18 countries since 1996 (72, 73). In 
contrast, strategies that vary selection in space 
or time have delayed the evolution of resistance 
in some pests (Fig. 3). For example, scientists and 
farmers have proactively developed and imple- 
mented strategies to slow pest adaptation to GE 
crops that produce insecticidal proteins from 
Bacillus thuringiensis (Bt) (74, 75). The primary 
strategy employs “refuges” of host plants that 
do not produce Bt toxins to promote survival of 
susceptible pests (74). In principle, the rare re- 
sistant pests that survive on Bt crops are more 
likely to mate with the comparatively abundant, 
susceptible pests from the nearby refuges. If re- 
sistance is inherited as a recessive trait, the het- 
erozygous offspring from such matings will be 
susceptible and will die on the transgenic plants. 
The U.S. Environmental Protection Agency (EPA) 
and regulatory agencies in many other countries 
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environment genotypes relatives; drugs; gene hybridized or 
molecular therapy GE genotypes 
hybrid may breeding 
. increasing group performance 
f 
ww WV Group Select Favor efficiency, Internalize Limit competition, 
selection, emergent weed public costs protect in 
cooperation group traits suppression and benefits reserves 


ilididic 


Fig. 3. Two management intervention categories of applied evolutionary 
biology: (A) Controlling adversaries and (B) Protecting valued populations. 
Together they are enabled by four strategies (headings). A core set of eight 
evolutionary principles guides the execution of these strategies and underlies 
tactics (left columns) used to meet management objectives in the food and fiber 
production, health, and environmental sectors (right columns). Colored squares 
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show different treatments; curves show frequency distributions of phenotypes; 
double helices are genomes; green arrows show change through space or time; 
green wedges show point interventions using selection or genetic engineering. 
Semicolons separate multiple management examples. Hypothetical applica- 
tions are given in two cases that lack empirical examples. Expanded treatments 
for each cell and references are provided in table S2. 
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have mandated refuges since Bt crops were 
first commercialized (76, 77). Retrospective anal- 
ysis, after more than a decade of monitoring, 
indicates that refuges do indeed delay resistance, 
particularly when resistance is a recessive trait 
(77, 78). 

The success of refuge tactics in agriculture is 
now drawing attention in other management 
sectors, including fisheries, where refuges may 
impede costly life-history evolution and body-size 
evolution resulting from harvest selection (79). 
Likewise, in cancer management, portions of tu- 
mors with low vascularization and, consequently, 
low delivery of chemotoxins may serve as refuges 
that sustain chemosensitive tumor genotypes 
(80, 81) and slow the evolution of resistance to 
chemotherapy in metastatic cancer (82, 83). Such 
resistance accounts for a large proportion of 
current treatment failures (84). Compared with 
typical failures when oncologists try to eradicate 
a patient’s cancer with high drug doses, lower 
doses could be more successful if they favor sur- 
vival of chemosensitive cell lines that can out- 
compete chemoresistant lines (85). Increasingly 
sophisticated models of tumor evolution may 
eventually support implementation of such non- 
eradication therapies (86). 

Whereas refuges delay resistance by swamping 
resistant lineages with susceptible lineages, an- 
other strategy attempts to curb resistance through 
selection that combines multiple modes of ac- 
tion (also known as “stacking” or “pyramiding”). 
In many human diseases—including HIV, tuber- 
culosis, malaria, and cancer—resistance frequent- 
ly evolves under selection from individual drugs 
(87). Combination therapies are based on the 
evolutionary principle that, if genes conferring 
resistance to each selection pressure are rare 
and inherited independently, individuals with 
all of the genes required for full resistance will 
be rare or even absent in target populations 
(4, 14, 88, 89). For example, resistance evolved 
rapidly to potent antiretroviral drugs admin- 
istered singly in patients with HIV, but com- 
binations of three such drugs have provided 
long-term efficacy and have become the stan- 
dard of care (90, 91). The potential tradeoffs as- 
sociated with combining two or more drugs or 
pesticides to delay resistance include short-term 
increases in costs (92) and negative side effects 
(93), aS well as the concern that such combi- 
nations will also ultimately favor the evolution 
of multiple resistance (87, 94, 95). For example, 
incorporating two or more toxins together in GE 
varieties slows resistance evolution (96, 97), but 
this advantage may diminish when less-resistant 
single-toxin varieties are planted in the same 
area as multitoxin varieties and provide stepping 
stones for multiple-resistance evolution (98). 
Combined selection pressures are most likely 
to be durable when implemented as a facet of 
more broadly integrated systems, such as inte- 
grated pest management (IPM). IPM combines 
selection pressures from a diverse suite of tactics 
for pest suppression, including various forms of 
biological control and optimized spatiotemporal 
cropping schemes (99). By increasing treatment 
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durability, combinatorial strategies are among 
the most important instruments for the control 
of highly adaptable pests, pathogens, and can- 
cers (Fig. 3). 


Choosing population sources 
to anticipate climate change 


Although some strategies of applied evolution- 
ary biology are established or rapidly increasing, 
other rarely used strategies are of interest be- 
cause of their underexplored potential to replace 
or complement longstanding management prac- 
tices. These include using nonlocal seeding sources 
for replanting in environmental restoration and 
forestry, as well as the exploitation of group 
selection-based designs in crop and livestock 
breeding. 

The mismatch of valued plants to new climates 
is an overarching challenge in forestry, agri- 
culture, and conservation biology. A widespread 
debate concerns whether to use local versus ex- 
ternal sources of genetic material for replanting 
to best anticipate climate change in forestry, ag- 
riculture, wildlife, and environmental restoration. 
The massive scale of many replanting efforts— 
400,000 ha of production forest is planted each 
year in Canada alone (J00)—plus the long in- 
tervals between plantings for many perennial 
species and restoration projects, means that 
these choices may have broad economic and 
ecological consequences. Traditionally, resident 
stocks have been favored to capture locally 
valuable adaptations. In forestry this approach 
is exemplified by established bioclimatic “seed- 
transfer zones” that guide seed sourcing for 
planting of some of the world’s largest pro- 
duction systems (J0/, 102). Evidence from wild- 
plant restoration programs indicates, however, 
that local sources are not always best, particu- 
larly in altered environments (103-108). This may 
arise when nearby sources share some of the 
vulnerabilities responsible for the declines of 
the original populations (J02). In these situa- 
tions, climate mismatches may be better relieved 
by translocating genotypes that are preadapted 
to expected conditions (/09, 110), for example, 
more tolerant to heat, drought, or pest stresses 
(111). When single sources do not show the range 
of adaptations required at a given site, reintro- 
duction may be improved with propagules pooled 
from a diversity of sources to increase overall 
genetic variation and, thus, the odds that some 
individuals will be suited for changing condi- 
tions (103, 104, 112). A recent meta-analysis in 
restoration ecology underscores shortcomings 
of the “local-is-best” dictum (J08), and compa- 
rable analyses of sourcing successes and failures 
in forestry and perennial agriculture are needed 
to find ways to sustain productivity under cli- 
mate change. 


Exploiting group versus individual 
performance in crops and livestock 


In most agriculture and aquaculture, produc- 
tivity is measured at the level of groups (e.g., field 
or herd) rather than in individual performance. 
More attention to traits that improve group per- 
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formance may thus offer a broader suite of tactics 
to increase production while demanding fewer 
resources, including pesticides, to meet basic 
human needs (//3) (Fig. 3). In the majority of 
natural systems, group selection is considered 
weak relative to selection among individuals 
(114). Consequently, past natural selection in the 
ancestors of domesticated species may have fa- 
vored traits that promote individual perform- 
ance but are costly to group productivity. One 
important consequence may be greater current 
opportunities for artificial selection of individ- 
ual traits that improve group performance while 
avoiding inadvertent evolution of “uncoopera- 
tive” individuals (8), such as those with com- 
petitive root structures in dryland field crops 
(115). Artificial selection for group yield in maize 
has produced lines with reduced male function 
and that bear more-vertical leaves, which re- 
duce the shading of neighbors. Both of these 
traits decrease individual plant performance 
while enhancing group productivity (116, 117), 
but in the absence of strategic breeding to favor 
these changes directly, they have evolved only 
slowly, requiring 60 years to appear as unplanned 
responses to selection on group yield alone (1/8). 
Weiner and colleagues (179) have proposed a 
proactive design for wheat production that se- 
lects for traits that increase collective shading 
of weeds within specific planting configurations, 
in order to increase overall crop yield while re- 
ducing herbicide use. Similar group-based per- 
spectives apply in animal husbandry, where traits 
like reduced aggressiveness favor group produc- 
tivity under domestication, but might have been 
selected against in the wild (120). By combining 
agronomy and environmental physiology with 
evolutionary modeling, group-based agricultural 
systems may offer new and more sustainable paths 
to meet global production goals. 


Addressing evolution across 
management sectors 


One of the most significant outcomes of the scale 
of human activity is that evolutionary concerns 
in one management sector often spill over into, 
or depend on, others (Fig. 4). These connections 
result from novel biotic interactions because of 
natural, intentional, or inadvertent transport of 
organisms and their genes by trade, infrastruc- 
ture, and waste streams (121, 122). Further coor- 
dination of prevention, control, and monitoring 
will be required to address growing interdepen- 
dencies among management sectors. Increased 
exchange of emerging pathogens between health, 
agricultural, and natural systems is a key case 
in point (123-126). For example, although do- 
mestic pigs are the principal reservoir of “swine 
influenza” (HIN1), they simultaneously host other 
influenza strains, including those associated with 
human hosts and domestic and migratory avian 
hosts (127). The intensive communal raising of 
pigs and poultry for food therefore encourages 
virus strains to exchange genes and adapt to 
more host species (728). One overarching concern 
is that pigs hosting highly pathogenic wild avian 
strains (H5N1) could contribute to selection for 
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Fig. 4. Emerging pathogens such as zoonoses (black arrows) and resistant bacteria (orange 
arrows) illustrate interdependencies generated by gene flow among the economic sectors of 
food, health, and the environment. |n zoonoses, vertebrates, such as birds, act as reservoirs for 
pathogens that can infect humans. Through direct transmission or via domesticated animals, Zoonoses 
are passed to humans and cause regular local and rare global epidemics (such as the flu outbreaks of 
H5N1-2004 and H1N1-2009). “Reverse zoonoses” are transmitted from infected humans to wildlife (177). 
Antimicrobial resistance in bacterial stains associated with livestock evolves in response to widespread 
use of antibiotics in agriculture and to a lesser degree because of treatment in humans. Via food items, 
industry workers, and waste disposal, resistant strains enter other human contexts. In a public health 
context, resistant strains constitute a growing extra risk during treatment of illnesses, for example, in 
hospitals. Antibiotics in human effluent cause widespread resistance selection in natural and seminatural 
environments, which, together with resistance reservoirs in natural environments, further increase the 
risks of resistant pathogens in humans. In the figure, the dashed line indicates a variety of poorly known 


interactions among wild species. 


the direct mammal-to-mammal transmission 
that underlies human epidemics. The conse- 
quences of such evolution (129) are foreshad- 
owed by the recent global outbreaks of H5N1 
in 2004 and HINI in 2009 (130). These events 
underscore the need for initiatives in prevention 
and control that cross traditional disciplinary 
boundaries, including coordinated surveillance 
of viral evolution and the monitoring of patho- 
gen reservoir species across the food, health, and 
environment spectrum (125, 131). 

The unresolved problem of rapidly evolving 
antimicrobial resistance is another pressing ex- 
ample of interdependence among management 
sectors, particularly between systems managed 
for food production and human health. Annual 
estimated costs of combatting multidrug-resistant 
microbes in the United States alone total $35 
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billion (732, 133), and the failure to produce new 
antimicrobials as quickly as their predecessors 
lose efficacy (134, 135) places a premium on stew- 
ardship of the few drugs that remain broadly 
effective (136, 137). Although overprescribing of 
antibiotics for human treatment is a very real 
concern, the major use of antimicrobial drugs 
in many parts of the world is to promote the 
health and growth of livestock (138, 139). This 
use selects for antimicrobial-resistant microbes 
that may infect humans (Fig. 4) (139, 140). For ex- 
ample, antibiotic-treated animals that are raised 
as food for people are now implicated in the ori- 
gins of the most extensively resistant Escherichia 
coli encountered in human sepsis (/41). Partic- 
ularly worrisome is that, once free in the envi- 
ronment, resistance genes do not dissipate with 
distance like many abiotic environmental pollu- 


tants. Resistance genes can replicate, and thus, 
they can transfer horizontally among bacterial 
taxa, travel intact over great distances via hosts, 
and rise to new abundances in the presence of 
antimicrobials with similar modes of action. As 
pools of resistance genes become more preva- 
lent and disseminated through human activities, 
they are likely to become increasingly important 
in new regions and management sectors (J42). 
Because coupled evolutionary dynamics operate 
over such large spatial scales and multiple man- 
agement sectors, their management requires 
political coordination, as exemplified by the Trans- 
atlantic Taskforce on Antimicrobial Resistance 
(143). Regulatory bodies have also taken the first 
steps to restrict use of some antibiotics to single 
management sectors (744, 145). Broader and more 
rigorous implementation of such restrictions will 
be needed to sustain the most critical public be- 
nefits of our modern antibiotic era. 


Next steps 
Applied evolutionary biology 
in international policy 


Applied evolutionary biology addresses both the 
rapidly evolving and the mismatched biological 
systems that underlie many global challenges 
(146). Meeting international objectives for sus- 
tainable development [Millennium Development 
Goals and the anticipated Sustainable Develop- 
ment Goals (J47)] and biodiversity conserva- 
tion [the Convention for Biological Diversity’s 
2020 “Aichi” Biodiversity Targets (748)] will re- 
quire much greater integration of evolutionary 
principles into policy than has been widely ac- 
knowledged. The potential policy contributions 
of cases reviewed here are summarized in Box 1. 
For example, we must implement resistance- 
management strategies for pesticides and anti- 
biotics to meet newly proposed Sustainable De- 
velopment Goals for human health, food, and 
water security (747). Likewise, choices of adapt- 
able source populations will improve the resil- 
ience of restored habitats (Aichi Target 15: “restore 
15 percent of degraded habitats before 2020”) 
and increase the reliability of crop supplies. Fur- 
ther, sustainable harvest strategies (149, 150) 
and early warning signs of unsustainable har- 
vest (151) will help to achieve lasting stocks of 
fish and aquatic invertebrates (Aichi Target 6: 
all stocks should be harvested sustainably). The 
identification and protection of diverse geno- 
types is also critical to the future of crop im- 
provement and for the discovery of chemical 
compounds such as new therapeutics. In this 
realm, the international Nagoya Protocol on 
Access and Benefit-Sharing of genetic resources 
(152) may assist in securing public access to 
resources for adaptation to local conditions, while 
coordinating with global research and develop- 
ment efforts (153-155). 

The extensive and targeted genetic manip- 
ulations permitted through recent advances in 
biotechnology are setting the stage for novel 
biological functions for which we either lack an 
understanding of potential risks, or knowledge 
of how best to assess them (156). There is a need 
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Box 1: Recommended contributions of applied evolutionary biology to proposed themes 
of new international sustainable development goals (147), based on examples presented 
in this review. For the currently negotiated draft of the sustainable development goals, go 
to http://sustainabledevelopment.un.org/focussdgs.html. 


Goal 1: Thriving lives and livelihoods 


- Reduce chronic lifestyle disease through environmental alignment of human 
lifestyle. 

- Reduce environmental levels of human toxicants through application of reduced 
selection response techniques* to biocides. 

- Apply reduced selection response techniques to maintain long-term efficacy 
of antimicrobials and to avert the antibiotics crisis. 

- Reconcile individual and group incentives in health systems to reduce virulence 
and resistance of emerging and reemerging pathogens. 


Goal 2: Sustainable food security 


- Increase crop yield through continued selection of varieties and improved 
access to these. 

- Prolong efficacy of pesticides and artificially selected or GE crops through 
reduced selection—response techniques. 

- Improve yields through integration of group selection in production of novel 
crop varieties. 

- Reduce climate change impact by choosing crop varieties resilient to 
drought, flooding, and other extremes. 


Goal 3: Secure sustainable water 


- Increase water security through use of reduced selection—response 
techniques to water-polluting pesticides and/or biocides 

- Use genetic manipulation to produce crop varieties with improved 
water economy. 


Goal 4: Universal clean energy 


- Improve biofuels through genetic manipulation with the aim to reduce 
COz emissions and land area for energy production. 

- Assess risks and benefits of synthetic organisms for biofuel production 
while taking gene flow, land use, and property rights issues into account. 


Goal 5: Healthy and productive ecosystems 


- Reduce biodiversity extinction rates through environmental alignment 
and genetic manipulation of fitness. 

- Retain naturalness of captive biodiversity through environmental alignment. 

- Choose preadapted or high-diversity sources for increased habitat restoration 
SUCCESS. 

- Avoid collapse and protect genetic diversity of aquatic resources through 
nonselective harvesting strategies informed by early warning signals. 


Goal 6: Governance for sustainable societies 


- Incorporate externalities from rapid evolution, as well as the loss of evolutionary 
history and evolutionary potential, into green accounting for sustainable 
governance of the Earth system. 

- Coordinate strategies of sustainable development goals in a coupled-systems 
framework to reduce conflicts from inadvertent contemporary evolution 
and phenotype-environment mismatch. 


*“Reduced selection—response techniques” refer to the four tactics in Fig. 3 that 
slow evolution by varying selection in space and time, diversifying selection, and tar- 
geting of specific traits, as well as adoption of alternatives to strong selection agents, 
such as toxins. 


for an overarching international framework to 
regulate synthetic (156, 157), as well as conven- 
tional and advanced, GM organisms (158)-a 
framework that also would reduce conflict be- 
tween existing frameworks (59). Perhaps the 
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area of applied evolutionary biology where de- 
velopment of international policy is most urgent 
is the area of synthetic biology. Synthesizing 
wholly or partially novel organisms offers tremen- 
dous opportunities in many areas such as biofuels, 
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medicine, environmental restoration, and conser- 
vation (160-162), but national and international 
guidelines are needed to avert potentially harmful 
outcomes (156, 163). Segments of medicine and 
agriculture include social scientists and econo- 
mists in systematic risk assessment (76, 164). 
Similar practices would benefit conservation bi- 
ology and natural resource management, as in- 
creasingly proactive and intensive manipulations 
appear on the horizon. These prospects include 
resurrected species and wild populations genet- 
ically engineered for resistance to lethal diseases 
such as chytrid fungus in frogs and white-nose 
syndrome in bats (167, 162). 


Implementing applied evolutionary 
biology locally and globally 


Reconciliation of individual and group stake- 
holder interests plays a central role in the effort 
to achieve sustainability through applied evolu- 
tionary biology (165-168). Anthropogenic evolu- 
tionary change often has consequences that extend 
beyond the immediate vicinity of the causal agents 
and pose dilemmas in achieving cooperation from 
local to global scales (169). Thus, in some applied 
evolutionary strategies, individuals must exchange 
their private short-term gains for the long-term 
public good. In managing pest resistance to trans- 
genic Bt crops, farmers who plant refuges of con- 
ventional crops contribute to the long-term public 
good of sustained pest susceptibility to Bt toxin 
but may incur the short-term private cost of pest 
damage to their refuges. However, farmers in five 
midwestern states of the United States accrued 
nearly two-thirds of the estimated $6.8 billion in 
Bt corn benefits between 1996 and 2009 from 
land planted with non-Bt corn refuges (770). This 
benefit arose because widespread adoption of 
Bt corn caused regional suppression of the major 
target pest and non-Bt corn seed was less ex- 
pensive than Bt corn (70). Despite this benefit, 
farmer compliance with the refuge strategy for 
Bt corn in the United States has steadily declined 
and threatens the sustainability of resistance man- 
agement (777). Farmers are increasingly planting 
Bt seeds alone, which may reflect their efforts to 
reduce the perceived risk of short-term losses 
from pest damage to refuges. Such conflicts be- 
tween individual and public good may be the rule 
rather than the exception in the implementation 
of applied evolutionary biology. 

The economic theories of public choice pro- 
vide tools for reconciling individual and group 
conflicts (169) (Box 1). Governments can tax un- 
desirable actions, subsidize desirable ones, reg- 
ulate activities (/44, 145), and create tradable 
property rights. For example, subsidies and reg- 
ulated access to public schools can increase par- 
ticipation in vaccination programs that benefit 
public health but may increase risks to unvac- 
cinated individuals (770). Theoretical modeling 
suggests that an unregulated vaccination market 
will yield too little advance vaccination and too 
much vaccination at the time of infection, which 
could select for increased virulence (J64). With 
pathogen resistance, both the relative fitness of 
resistant genotypes in untreated environments 
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(174, 175) and the prevalence of resistance in nat- 
ural environments (776) may increase the cost of 
lost susceptibility to a drug. Improved policies 
that reduce public costs may emerge from better 
accounting of the causes and consequences of 
such evolutionary externalities (154, 177). 


Toward a unified discipline 


As demonstrated by many of the examples 
above, applied evolutionary biology uses princi- 
ples common to all areas of biology, and be- 
cause of this, progress in one area may often 
enable solutions in others. New approaches in 
this developing field may best be generated 
and assessed through collaborations that span 
disciplinary boundaries (778) (Fig. 3). Promot- 
ing greater adoption and consistency in the use 
of evolutionary terminology, which is currently 
inconsistent across disciplines (779), will there- 
fore be an important first step toward a more 
unified field of applied evolutionary biology. 

The global scale of human impacts is now 
more widely appreciated than ever before. Suc- 
cessful governance of living systems requires 
understanding evolutionary history, as well as 
contemporary and future evolutionary dynam- 
ics. Our current scientific capacity for evolution- 
arily informed management does not match 
the need, but it can be increased through new 
and more widespread training and collabora- 
tion, monitored experimentation, and context- 
sensitive implementation. Like engineering, which 
is a multifaceted applied science with common 
core principles, shared vocabulary, and coordi- 
nated methods, applied evolutionary biology has 
the potential to serve society as a predictive and 
integrative framework for addressing practical 
concerns in applied biology that share at their 
core the basic evolutionary principles govern- 
ing life. 
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Evolution of responses to (un)fairness 


Sarah F. Brosnan" and Frans B. M. de Waal? 


BACKGROUND: The human sense of fair- 
ness presents an evolutionary puzzle 
because it appears to run counter to the 
short-term interests of at least some 
parties. We not only react negatively to 
getting less than a partner but some- 
times also to getting more, which seems 
illogical. Following an ideal of impartial- 
ity, we seek appropriate outcomes for ev- 
eryone within the community, not just a 
few individuals, and, in particular, not 
just ourselves. Why do we react this way? 
Are we the only species to do so? Here, 
we consider the evidence with regard to 
nonhuman primates and other animals 
to illuminate the evolution of the sense 
of fairness. Because social ideals escape 
measurement, we focus on behavioral re- 
sponses to equal versus unequal reward 
division. Moreover, a true sense of fairness 
includes taking account of receiving both 
less than a partner and more than a part- 
ner. Therefore, we consider the evidence 
for both of these in other species and how 
this informs our understanding of the evo- 
lution of fairness in humans. 


ADVANCES: There is widespread evidence 
for sensitivity to receiving less than a part- 
ner, or “first-order inequity aversion” (IA), 
in species that cooperate outside mating 
bonds and kinship. In these studies, ani- 
mals are paired with a social partner who 
receives a preferred reward for completing 
a task. Subjects may respond by refusing 
to participate or refusing to accept the 

food reward, and such 
reactions are compared 
Read the full article wae Vacge follow ae 
at http://dx.doi control tests in which 
.org/10.1126/ both subjects receive 
science.1251776 the same reward 
ee ee 
Increased responses when the partner 
receives a preferred reward are indicative 
of a sensitivity to inequity. 

Thus far, passive and active protest 
against unfavorable outcomes has been 
documented in monkeys, apes, dogs, and 
birds. It is thought that these species 
compare their outcomes with those of 
others so as to judge the merit of their 
partnerships. They may turn away from 
partners that appropriate more than their 
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A diagram of the relationship between first-order IA and second-order IA. Individual 

A received high-level rewards, and individual B received low-level rewards. Individuals who 
recognize when they receive less than another may react against this situation—for instance, 
by finding a new cooperative partner. As reliance on cooperation increases, individuals also 
benefit from recognizing when they receive more, as this allows them to forestall first-order IA 
reactions in their partners and thereby maintain a successful cooperative relationship. This is 
the foundation of the full-blown human sense of fairness. 


fair share of the yields of cooperation. 

A complete sense of fairness also in- 
cludes second-order IA, however, which 
seeks to equalize outcomes even at a 
short-term cost to the self. This requires 
individuals to give up an immediate 
benefit to stabilize a long-term valuable 
cooperative relationship. Second-order IA 
reactions have thus far been found only 
in humans and apes. We hypothesize that 
second-order IA requires anticipation of 
first-order IA in the partner and its nega- 
tive impact on the relationship. To forestall 
these consequences, and ensure contin- 
ued cooperation, outcomes are equalized 
between partners. 


OUTLOOK: Thus, humans and other spe- 
cies seem to share basic reactions to ineq- 
uity, which serves to sustain cooperation. 
We postulate that the basic emotional re- 
actions and calculations underlying our 
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sense of fairness are rooted in our primate 
background and offer a model that places 
these reactions in the context of coopera- 
tive relationships. 

Future research should more explicitly 
investigate the key variables underlying IA, 
such as the degree of dependence on coop- 
eration, anticipation of the way resource 
division affects relationships, and the 
freedom to choose among and change 
partners. A cross-species investigation 
with a standardized paradigm, including 
both first- and second-order IA, may fur- 
ther illuminate the factors involved and 
help verify or falsify the model proposed. & 
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Evolution of responses to (un)fairness 


Sarah F. Brosnan’ and Frans B. M. de Waal” 


The human sense of fairness is an evolutionary puzzle. To study this, we can look to 
other species, in which this can be translated empirically into responses to reward 
distribution. Passive and active protest against receiving less than a partner for the same 
task is widespread in species that cooperate outside kinship and mating bonds. There is 
less evidence that nonhuman species seek to equalize outcomes to their own detriment, 
yet the latter has been documented in our closest relatives, the apes. This reaction 
probably reflects an attempt to forestall partner dissatisfaction with obtained outcomes 
and its negative impact on future cooperation. We hypothesize that it is the evolution of 
this response that allowed the development of a complete sense of fairness in humans, 
which aims not at equality for its own sake but for the sake of continued cooperation. 


ooperation could not have evolved without 

mechanisms to ensure the sharing of pay- 

offs. For an individual to cooperate with an 

unrelated partner to achieve goals that it 

cannot achieve alone or to exchange favors 
over time requires an ability to compare payoffs 
with investments. Given the ample evidence for 
mutualistic cooperation and reciprocal altruism 
(, 2) in humans as well as other species (here- 
after, animals), we therefore expect well-developed 
capacities for payoff evaluation in species that 
flexibly cooperate with individually known part- 
ners. We also expect negative reactions to exces- 
sive payoff imbalances, because such imbalances 
undermine cooperation among nonrelatives, which 
requires proportionality between effort and gain 
so that gains among parties jointly contributing 
to a given enterprise are shared. 

Along with the human sense of fairness and 
justice, responses to inequity have enjoyed a long 
history of scholarship in philosophy, law, eco- 
nomics, and psychology. Yet the evolution of 
these responses and possible parallels in other 
species have only recently come into focus. Even 
though “contrast effects,” which describe how 
animals respond to unanticipated individual re- 
ward outcomes, have been known for nearly a 
century (3), the first study to measure reactions 
to interindividual outcome contrasts was pub- 
lished only in 2003 (4). In this study, brown capu- 
chin monkeys (Cebus apella) became agitated 
and refused to perform a task for which a com- 
panion received superior rewards [see (5) for a 
video]. The monkeys’ protest was not due to the 
mere sight of unavailable superior rewards, be- 
cause they showed it only if these rewards actual- 
ly went to their partner. If superior rewards were 
merely visible, they were mostly ignored (4, 6). 
Since this early study, inequity responses have 
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been explored in a number of species and found 
to be most pronounced in animals that cooperate 
outside of the bonds of mating and kinship. 

We propose that sensitivity to (in)equity offers 
several evolutionary benefits. First, animals need 
to recognize when they receive less than a part- 
ner, because this tells them that the benefits of 
cooperation may be in danger. By protesting 
against this situation, they show a response known 
as inequity aversion (IA). Evidence indicates that 
this behavior is widespread in cooperative spe- 
cies under many circumstances. As the reliance 
on cooperation increases, individuals also benefit 
from sensitivity to receiving more than another, 
which risks undermining cooperative partner- 
ships. This behavior is likely taxonomically re- 
stricted, because it requires prediction of the 
partner's reaction to getting less and its effect on 
the relationship. It also requires restraint to re- 
frain from an immediately advantageous out- 
come. The pressure for increased cooperation 
combined with advanced cognitive abilities and 
emotional control allowed humans to evolve a 
complete sense of fairness. Here, we review the 
literature on IA in humans and other animals 
within an evolutionary framework of cooperation, 
social reciprocity, and conflict resolution. Our main 
conclusion is that the sense of fairness did not 
evolve for the sake of fairness per se but in order 
to reap the benefits of continued cooperation. 


Responses to inequity 


IA has been defined as a negative reaction to 
unequal outcomes (7). It is further subdivided 
into “disadvantageous IA,” or reactions to in- 
equity to the detriment of the actor, and “advan- 
tageous IA,” also known as overcompensation, or 
reactions to inequity that benefits the actor (7). 
Responses to the first kind of IA offer a clear 
advantage if they help increase one’s own share. 
Not surprisingly, human studies indicate that dis- 
advantageous IA emerges earlier (8) and is more 
pronounced than advantageous IA (9). Young 
children may even pay a cost to maintain their 
advantage (J0), although advantageous IA may 
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have a more explicitly social focus (1). Disad- 
vantageous IA is also the most common type in 
animals (see below). However, responses to over- 
compensation are also expected, as they, too, 
provide a long-term benefit (72). We have called 
disadvantageous IA “first-order inequity aversion” 
to indicate that it is the primary reaction, using 
“second-order inequity aversion” for the less com- 
mon and less pronounced advantageous IA 
(Fig. 1) (73). 

The connection between IA and fairness is not 
straightforward. The hallmark of the human 
sense of fairness is the idea of impartiality; that 
is, human fairness or justice is based on the idea 
of appropriate outcomes applied to everyone 
within the community, not just a few individuals, 
and, in particular, not just oneself. Thus, out- 
comes are judged against a standard, or an ideal. 
There is variation in this ideal across cultures or 
situations, but there is consistency within a given 
context. This complete sense of fairness likely 
requires abstraction at the community level as 
well as language (to establish a consistent set of 
ideals), both of which capacities may be restricted 
to our species (J4). Community concern is not 
wholly absent in other primates, however, and 
neither is impartiality, such as when policing 
males break up fights (15). 

Inasmuch as social ideals escape measure- 
ment, a sense of fairness is impossible to prove or 
disprove in animals. Reactions to inequity, on 
the other hand, are open to empirical investiga- 
tion by creating situations in which one individ- 
ual receives more or less than another. These 
reactions typically manifest as a rejection of a 
received reward or an unwillingness to partici- 
pate in the interaction (Fig. 2A). In most experi- 
ments, subjects must complete a simple task to 
receive a reward (Table 1). To control for the so- 
cial aspect of the interaction, these experiments 
often combine with ones on contrast effects that 
measure how subjects respond to a lesser reward 
after having just received a better reward (con- 
trast) or another lesser one (control). It has been 
found that the mere visibility of better rewards is 
not the issue, because primates reliably perform 
tasks for lesser rewards regardless of whether or 
not better ones are immediately in front of them 
(6, 16). Experiments on IA have shown that there 
is substantial variation among species in this 
response, even within the primates; some species 
respond more strongly to contrast effects (17), 
others more strongly to disadvantageous inequity 
(4, 16); some respond to both (78), and some seem 
indifferent to either condition (19, 20). 

There are also important individual differences 
in response that hint at the situations in which 
inequity responses provide an advantage. For in- 
stance, merely feeding unequal foods fails to 
generate the same reaction; hence, an effortful 
task is essential (6, 16, 20) (Table 1), even though 
the nature of the task may be irrelevant (20). A 
second methodological issue emerges when we 
consider all reported studies regardless of spe- 
cies. Animals tested with an effortful task respond 
to inequity almost exclusively when seated close- 
ly side-by-side, compared with tests in which 
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they sat far apart or across from each other, in 
which few IA responses were observed (Table 1). 
This suggests that physical proximity may be in- 
tegral to IA outcomes, possibly because of the 
relationship between proximity and cooperation 
and the way proximity facilitates information 
gathering about the partner (27). Finally, individ- 
ual differences have been found in some species, 
notably chimpanzees, who show substantial varia- 
tion even within the same experiment (/6, 22, 23). 
Responses also seem influenced by dominance 
rank, sex, and relationship quality. This is the 
case in humans as well, where factors such as 
relationship quality (24), personality (25), and 
the scale of competition (26) influence responses 


First-order IA 


Only B 
Individual A Individual B 
Low-level 
High-level rewards 
rewards 
Protest 
No reaction 


to unfair outcomes. Additional work to deter- 
mine the influence of these and other factors 
on animal IA responses will provide additional 
nuance in our understanding of the evolution 
of IA (Table 1). 

First-order IA has been documented in controlled 
experiments in capuchin monkeys [(4, 6, 27-29), 
but see also (30)], macaques (18, 31), chimpanzees 
[U6, 22), but see also (32, 23)], dogs (33-35), and 
crows (36), and it has been implied in rodents 
(37). These animals refuse lesser rewards if a 
partner receives better ones and/or stop perform- 
ing after multiple exposures to such outcomes. At 
first sight, this response is counterintuitive, as it 
reduces absolute outcome (the subject passes 


Second-order IA 


AandB 
Individual A Individual B 
Low-level 
High-level rewards 
rewards 
Forestall 
B's protest | 
Equalize Protest 


Fig. 1. A diagram of the relationship between first-order IA and second-order IA. Individual A 
received high-level rewards, and individual B received low-level rewards. Individuals who recognize when 
they receive less than another may react against this situation so as to maintain beneficial outcomes of 
cooperation, for instance, by finding a new cooperative partner. As reliance on cooperation increases, 
individuals also benefit from recognizing when they receive more, as this allows them to forestall first-order 
IA reactions in their partners and thereby maintain a successful cooperative relationship. Second-order IA 
requires advanced cognition and emotional control and thus far has only been seen in chimpanzees and 
humans. This is the foundation of the full-blown human sense of fairness. 


Fig. 2. Subjects’ responses in the A 
standard inequity task and the 
UG. (A) Capuchin monkeys during 
the original “monkeys reject 
unequal pay” experiment (4). The 
monkey on the left is rejecting the 
lesser reward, a cucumber slice, 
after viewing the partner receive a 
more preferred grape for the same 
amount of work. See video (5). (B) 
Chimpanzees during the UG (81). 
The chimpanzee who has just made 
the token choice (right) hands the 
token to her partner, who needs 

to accept and hand it over to the 
experimenter in order for both 

of them to receive the rewards 
corresponding with the token 
choice. 
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up a less-preferred, but still beneficial, reward) 
while increasing inequity (the partner still re- 
ceives the preferred reward versus the other re- 
ceiving nothing). If the goal of IA is to minimize 
current inequity (7), these animals show the 
wrong response. 

New lines of evidence, however, have led to a 
reassessment of this evaluation. First, humans, 
too, respond in this way. The workhorse of in- 
equity studies has been the ultimatum game (UG), 
in which one individual, the proposer, must de- 
cide how to divide a set sum of money. The sec- 
ond individual, the responder, then must decide 
whether to accept this division—in which case both 
individuals receive the money as allocated—or 
refuse it, in which case neither party receives 
anything (38). Decades of research demonstrate 
that, while there is variation among cultures 
(39), human proposers tend to make higher offers 
than the minimum required and responders tend 
to reject offers that are skewed (40), showing that 
humans, too, meet the first criterion, turning down 
net positive outcomes. 

In most situations of unfairness, we have no 
recourse, however. How do humans respond when 
arefusal punishes only themselves? The impunity 
game (IG) is a related game for which a refusal 
by the responder still allows the proposer their 
allocated sum, whereas the responder receives 
nothing. This situation is similar to most inequi- 
ty tasks applied to animals, in which subjects 
have the option to refuse but their refusal does 
not alter the other’s outcome (4/7). Recent studies 
show refusals at about half the levels seen in the 
UG (42), bringing the human reaction close to 
that of animals refusing poorer rewards even if 
doing so decreases absolute gains and increases 
inequity. 

The game context cannot include all possible 
outcomes that exist in natural social interactions, 
however. In the standard inequity task, refusals 
only hurt the actor, whereas in a natural social 
context, protest against inequity may lead to the 
actor either receiving a larger share or seeking 
out a better partner to work with. Despite the 
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short-term costs, rejection of inequity may pro- 
duce long-term gains by signaling to the partner 
that a relationship is about to end or by leading 
the actor to exit the relationship and replace it 
with a better one. 


First-order IA and cooperation 


The evolution of cooperation requires that its 
benefits reach all contributing parties in roughly 
similar amounts. Natural selection works on every 
individual’s relative advantage compared with 
others; hence, gaining an absolute benefit is 
insufficient. If individuals were satisfied with 
any absolute benefit, they might still face nega- 
tive fitness consequences if they were doing less 


Table 1. Publications since 2003 on IA in a variety of nonhuman species. 
The studies are divided into those using an effortful task and those that merely 
fed unequal foods. Tasks include exchange, in which the subject returns a token 
to the experimenter and subsequently receives a food reward; pulling, in which 
subjects must pull in a tray to bring themselves and/or others food rewards; 
target, in which the subject most hold on to a token for a specified period of 
time to receive a food reward; and none, in which the subject (and/or partner) 


Species Task 


Chimpanzees Exchange (22) 
Exchange (16) 
Exchange (92) 
Exchange (23) 
UG (79) 

UG (80) 

UG (81) 
Exchange (23) 
UG (80) 
Exchange (23) 
Exchange (19) 
Pulling (31) 
Target (18) 
Exchange (4) 
Exchange (6) 
Pulling (27) 
Pulling (28) 
Exchange (30) 
Exchange (93) 
Exchange (17) 
Target (20) 


Bonobo 
Orangutan 
Long-tailed macaque 


Rhesus macaque 
Capuchin monkey 


Squirrel monkey 


Owl monkey Target (20) 
Common marmoset Target (20) 
Tamarin Exchange (74) 


Domestic dog Shake paw (33) 


Various (34) 


Sit on command (35) 


Crow Exchange (36) 
Raven Exchange (36) 
Chimpanzee one (32) 
Bonobo one (32) 
Gorilla None (32) 
Capuchin monkey None (94) 

one (95) 

one [(93), study 2] 
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well than competing others. It makes sense, there- 
fore, to compare one’s gains with those of others 
(43). Additionally, individuals must base deci- 
sions to cooperate on the entire history of inter- 
action with a particular partner, not just any 
single interaction. Reciprocity requires a long- 
term evaluation of effort versus payoff balance. 
The above perspective applies only to species 
with extensive cooperation outside of kinship 
relationships. The absence of flexible partner 
choice in the hymenoptera, for example, elimi- 
nates the need to compare efforts with payoffs. 
Our closest relatives, bonobos and chimpanzees, 
on the other hand, frequently cooperate with 
nonkin. Chimpanzees hunt together (44), form 


receives food for “free,” w 
command” tasks were s 
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political coalitions and other reciprocal relations 
(45), collectively defend territories (46) and mates 
(47), and actively share food [e.g., (48)]. DNA 
collected in the field shows that most long-term 
male-male partnerships lack kinship ties (49). 
Bonobos show the same pattern. Females fre- 
quently share food and maintain a cooperative 
network that allows them to dominate males 
despite the fact that females are the migratory 
sex, hence largely unrelated within each com- 
munity (50). In captive settings, bonobos even 
share food with outsiders (57). 

Experimental studies of cooperation in primates 
began in 1936 with an experiment on cooper- 
atively pulling chimpanzees (52). Since then, 


ithout completing a task. The “shake paw” and “sit on 
pecific to domestic dogs (because they are in their 
behavioral repertoire already). The UG requires a proposer to choose one of two 
reward divisions, which then must be accepted by the responder, who can either 
accept the proposal, in which case both subjects get the food as proposed, or 
reject it, in which case neither subject gets anything. The table also notes the 
nature of the task and whether individuals were sitting near each other or not. 


Side-by-side Evidence of Contrast 
=F SEES Other effects 
and near Ist-order 1A 2nd-order IA effect 
Food rewards for task 
Yes Yes - No Social tie 
Yes Yes Yes Yes Rank, sex, task 
Yes Yes - No Sex 
No No - 7 
No = No = 
No No No = 
Yes - Yes - 
No Maybe - - 
No No No - 
No No = = 
Yes No No No 
Yes Yes Rank, social tie 
Yes Yes No Yes Ontogeny 
Yes Yes 7 No 
Yes Yes = No Task, effort 
Yes Yes = No 
No Yes Yes 7 Rank, visual access 
Yes No - No 
No No = = 
Yes No No Yes Sex, task 
Yes No No Yes Sex 
Yes No No No 
Yes No No No 
Yes No No Yes Task 
Yes Yes = No 
Yes Yes = = 
Yes Yes/No No - Age, ownership history, 
training history 
Yes Yes = = Effort 
Yes Yes = = Effort 
Feeding without task 
No No 7 No Rank 
No No - No 
No No = No 
Yes No = Yes 
Yes No - - 
Yes No - - 
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mutualistic cooperation has been demonstrated 
experimentally in most of the great apes, many 
monkey species, and also in nonprimates, in- 
cluding elephants, hyenas, and birds (53). Thus, 
we might expect that members of these species 
are sensitive to their own outcomes relative to 
those of a social partner. This would be in line 
with early work on IA in economics, which linked 
responses to inequity and cooperation (7). Indi- 
viduals who perceive unequal outcomes may use 
this information to cease cooperation and find 
a new partner. If outcomes are sufficiently un- 
equal, by chance alone cooperating with other 
partners will likely result in better outcomes (43). 
Research in other species supports a connection 
with cooperation in three different ways: (i) re- 
sponses to inequity in the context of cooperation, 
(ii) phylogenetic comparisons, and (iii) responses 
in species facing partner-choice restrictions. 


Reward distribution in 
cooperation experiments 


Capuchin monkeys have been widely tested on 
the classical barpull paradigm in which two in- 
dividuals work together (52). They produce mu- 
tual food rewards and appear to grasp the need 
for a partner (54). However, when individuals 
cooperate for unequal rewards, their behavior 
becomes more contingent upon their partner’s, 
reflecting sensitivity to reward distribution. These 
monkeys show “payment for labor” in that they 
share more easily with partners who have helped 
them obtain food than with partners who did 
not. Conversely, partners quit helping if rewards 
are not shared (55). This sensitivity to payoffs is 
not limited to situations in which rewards are 
preassigned by the experimenter. It extends to 
those in which the monkeys themselves decide 
the reward division. Monkeys are less likely to 
pull for clumped rewards that their partner can 
monopolize than for distributed rewards that are 
easily divided. They make this distinction on the 
very first trial, indicating that it is not a con- 
ditioning effect, and the distinction varies with 
the level of tolerance between both partners (56). 

Moreover, although these monkeys cooperate 
to the same degree for distributed rewards that 
are either equal or unequal, partnerships that 
alternated each individual’s access to a preferred 
reward when rewards were unequal were almost 
three times as likely to cooperate successfully 
(57). The reluctance to cooperate with a monop- 
olizing partner suggests that it is not inequity per 
se but the way partner attitude combines with 
inequity that impedes cooperation. This is rem- 
iniscent of children’s focus on partiality over 
inequity (58) and moreover has implications for 
human cooperation, whereby individuals are not 
likely to forget the past and cooperate just be- 
cause the payoff structure is now in their favor. 
In these experiments, monkeys did not respond 
with refusal to an isolated instance of inequity 
but required multiple instances before coopera- 
tion broke down (different thresholds for ceasing 
cooperation may be one cause of the individual 
variation in these responses). Even if rewards 
even out over time, in any given interaction one 
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individual will usually do better than another. 
The monkeys appeared to integrate outcomes 
over multiple trials, allowing for cooperation in a 
wide range of situations. 

Chimpanzees, too, are sensitive to reward dis- 
tribution. They cooperate more successfully with 
a partner who, in other contexts, shares more 
tolerantly (59). Given a choice between potential 
partners, they prefer partners with whom they 
have a tolerant relationship (60). When goals 
conflict, such as when two individuals have the 
option to cooperate for equal (5 versus 5 rewards) 
or unequal (10 versus 1) payoffs, chimpanzees 
still manage to obtain food on the majority of 
trials. Even though dominant individuals prefer 
the possibility of 10 rewards, on almost half the 
trials the pair negotiate to work for the equal 
division (67). On the other hand, given a choice, 
chimpanzees prefer to work alone rather than 
collaborate (62) and, unlike capuchin monkeys (55), 
may not share more with a helper than a non- 
helper (63). The latter result needs further testing, 
however, given indications that wild chimpanzees 
that contributed to a group hunt are given prefer- 
ential access to the resulting meat (44). 


Phylogeny: Cooperative versus 
noncooperative species 


Another way to explore the interplay between 
cooperation and inequity is to look across spe- 
cies. Pronounced first-order IA has been observed 


in chimpanzees and brown capuchin monkeys 
(4, 6, 16, 22, 27, 28), two species that are highly 
cooperative—for example, they hunt in groups 
for prey that is hard to capture by a single hunter 
(48, 64). Moreover, chimpanzees seem attentive 
to their partner’s rewards, even if they are in- 
ferior to their own (J6), and both species behave 
prosocially in at least some experimental tests 
[(65—67), but see (68, 69)], thus having the po- 
tential for second-order IA. Beyond these two 
primates, recent evidence indicates that bonobos 
(23) and several macaque species (Macaca spp.) 
(18, 31) also respond negatively to getting a re- 
ward inferior to that of a partner. These primates, 
too, are highly cooperative. There are observa- 
tions of group hunting in bonobos (70) and, 
although macaques do not show such behavior, 
they have an extensive alliance network among 
both kin and nonkin (77). 

On the other hand, primates less likely to 
cooperate with nonkin, including orangutans 
(Pongo spp.) (19, 23) and squirrel monkeys 
(Saimiri spp. ) (17, 20), have thus far failed to 
show IA. Neither taxonomic relations among the 
primates nor brain size, relative brain size, or 
social organization predict the known distribu- 
tion of IA as well, it appears, as does the ten- 
dency to cooperate with individuals who are 
neither kin nor mates (47). Beyond the primates, 
IA has also been documented in domestic dogs 
(Canis lupus familiaris) (33, 34), a species derived 


Table 2. Studies on a variety of animals thus far have indicated five domains that help explain 


the variation in IA. 


Comparison 


facilitates comparison. 


Phylogeny 


Cooperation 


Partner 
choice 
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overcompensation) is a form of conflict 
resolution resting on anticipation of 


IA is facilitated when subjects can easily 
perceive each other's pay for a task (i.e. 
sit side-by-side and in full view), which 


Individuals who equalize outcomes by 
sharing or alternating between high-level 
rewards cooperate more successfully. 


Species with extensive cooperation 
among nonkin and nonmates show more 
pronounced IA. 


IA is most likely to evolve in situations 
with relatively unconstrained partner 
choice. This may influence coalition and 
alliance formation. In contrast, 

cooperative breeders, with constrained 
kin-based partner choice, show no IA. 


100% 


negative consequences in first-order IA. 


In the UG, chimpanzees anticipate 


50% 


partner's reactions and choose an equal 


token (black bar) more often than a 
selfish one (gray bar) when the partner 
has a choice (UG) than when it has not 


(No choice). 
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from a long line of cooperative hunters (72). Like 
monkeys, dogs are sensitive only to whether 
their outcomes are wanting as compared with 
those of others (35). Corvids are cooperative birds 
(73), and some species have shown IA in experi- 
ments. They may be more sensitive to inequities 
in effort than in reward, however (36). 

Future research is needed to determine the 
degree to which the hypothesis of coevolution of 
IA and cooperation (47) extends beyond these 
species. For instance, do other animals with fre- 
quent nonkin cooperation, such as elephants, 
cetaceans, and noncanine social carnivores, also 
respond negatively to situations of inequity? We 
also need more research on noncooperative spe- 
cies. For example, a comparison between domes- 
tic cats and dogs may be useful, where we would 
predict cats (solitary hunters) to be less sensitive 
to reward distribution than dogs. 


Constrained partner choice 


Not all cooperative animals can easily find new 
partners. For example, the Callithrichidae (mar- 
mosets and tamarins) are cooperative breeders, a 
social system in which both parents and adult 
offspring are essential for offspring care. For ob- 
vious reasons, the cost of partner switching is 
high. Of the two callithrichid species tested on 
IA, neither responded negatively to receiving a 
lesser reward than their social partner (20, 74). 
Even though not classified as cooperative breeders, 
owl monkeys (Aotus spp.), too, show pair-bonding 
and dual parental care and also fail to respond to 
inequity (20). 

Even without cooperative breeding, in species 
with relationships developed over many years of 
play, grooming, mutual support, and other ser- 
vices, responses to inequity should wear off since 
replacement of long-term partners becomes too 
costly. There is indeed evidence that IA is less 
pronounced in well-established human friend- 
ships compared with relationships among ac- 
quaintances and colleagues (24), and the same 
has been reported for chimpanzees. A group of 
captive chimpanzees that grew up and lived to- 
gether in the same space for more than 30 years 
showed far less IA than a similarly housed group 
of chimpanzees with a much shorter history (22). 

Future research is needed to explore the de- 
gree to which both relationship quality and the 
costs of partner switching influence responses to 
inequity. One might predict, for instance, that if 
the evolution of IA requires cooperation under 
relatively unconstrained partner choice, hunting 
parties may be a prime example. Hunting parties 
change composition from one occasion to the 
next, whereas long-term friendships and pair- 
bonding may not be as conducive to pronounced 
IA. In the laboratory, we might anticipate that 
individuals show different responses in newly 
formed partnerships as compared with longer- 
term ones, particularly in the case of biparental 
care or cooperatively breeding species in which 
long-term relationships have produced offspring. 
For species for whom the costs of partner switch- 
ing are too high, we may expect to see other 
partner-control mechanisms, such as punishment, 
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play a greater role (75). Understanding the situa- 
tions in which partner choice influences inequity 
responses will be critical for understanding the 
formation of coalitions and alliances (76). 


Second-order inequity aversion 


Until recently, second-order IA was unreported 
for nonhuman animals. Its explanation is more 
complex than that of first-order IA, which simply 
requires that one individual responds to an un- 
equal outcome to avoid being taken advantage 
of. For second-order IA, in contrast, the advan- 
tages are less obvious, because this reaction oc- 
curs when the actor enjoys an advantage. Apart 
from humans, evidence for second-order IA is 
thus far restricted to chimpanzees. The first sign 
came from a study in which the apes reacted 
negatively not only to a lesser reward but also 
when they received a better one. In other words, 
subjects responded to any inequity, not just the 
disadvantageous kind (/6). Subsequently, chim- 
panzees were tested on the UG, considered the 
gold standard of the human sense of fairness (see 
“Responses to inequity” above). In most cultures, 
humans typically offer a 50/50 split (77, 78). In 
contrast, one UG study on chimpanzees found 
them to share the smallest possible amount with 
their partner [(79); see also (80)]. However, because 
the methodology of this experiment deviated subs- 
tantially from the typical human UG, Proctor et al. 
(Fig. 2B) (87) applied a more intuitive UG for 
both apes and 3- to 5-year-old human children. 

Proposers were presented with a choice of two 
differently colored tokens that could be exchanged 
for food. The tokens represented equal versus 
unequal reward divisions, and the partner needed 
to agree and participate in the exchange (Fig. 2B), 
an element similar to the typical human UG. 
Token choices in this situation were compared 
with choices when the partner’s agreement 
was not needed. Similar to humans in the UG, 
the chimpanzees more often split the rewards 
equally if they needed their partner than if they 
did not. Because children behaved similarly in this 
token-exchange game, the study suggests shared 
patterns of proactive decision-making in relation 
to fair outcomes in both species (87). 

Even though neither the apes nor the children 
in this study actively refused offers, behavioral 
protest did occur. Subjects occasionally reacted 
to selfish offers by spitting water at the other or 
hitting the mesh partition (apes) or saying “you 
got more than me” (children). Acceptance of offers 
despite behavioral protest is typical of young 
children (82). Strategic choices in the UG may be 
tied to emotional control rather than to social pref- 
erences, knowledge of norms, or perspective- 
taking abilities. In one study, 85% of the younger 
children claimed to reject unfair offers, but only 
12.5% of them actually did. Only after 7 years of 
age do children resist the temptation of rewards 
and begin to refuse low offers for strategic 
reasons (83). 

Reasons to refuse unfair offers in the UG are 
obvious enough. Refusals punish the actor, which 
may lead to better outcomes in the future. The 
individual making the offer, on the other hand, 
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may anticipate negative reactions and strive 
for an equitable outcome to forestall them. This 
would amount to anticipatory conflict resolu- 
tion, which may be the main rationale for second- 
order IA if those who divide the rewards try to 
eliminate reasons for frustration in their part- 
ners (Fig. 1). The better the anticipatory capaci- 
ties of a species, the better it will be able to avoid 
first-order IA in others by showing second-order 
IA. Planning ahead has been demonstrated in 
apes in relation to tool use (84), as has antici- 
patory conflict resolution. Captive bonobos and 
chimpanzees show a grooming and play peak 
right before feeding time and engage in high 
levels of appeasing and sociosexual body contact 
upon food arrival (85, 86). These primates thus 
anticipate competition and actively seek to re- 
duce it. Second-order IA in chimpanzees may 
serve the same goal. Given the need to anticipate 
the partner’s reactions as well as forgo short-term 
positive outcomes to gain long-term ones, individ- 
uals must have some emotional control. Although 
there are no studies linking self-control and IA in 
other species, in human children self-control is a 
limiting factor. Perhaps not surprisingly, the spe- 
cies with strong IA responses also delay gratifi- 
cation in experimental tests [e.g., (87, 88)]. 

Finally, second-order IA may directly benefit 
an individual by enhancing its reputation, which 
may increase that individual’s long-term access 
to beneficial relationships (72). Humans are much 
more likely to donate in a public goods game 
when they are recognizable (89) and cooperate 
more when they have the feeling of being watched 
(90), indicating that being nice only occurs 
when positive fitness gains are expected from a 
second-order IA reaction. To what degree this 
explanation may apply to species other than 
our own is as yet unclear, although there is evi- 
dence that apes pay attention to the generosity 
of others without necessarily having directly ex- 
perienced it (91). 


The evolution of fairness 


Not only are signs of first-order IA evident in 
several cooperative species, in the form of a nega- 
tive reaction to disadvantageous unequal outcomes, 
but also our closest relatives, the anthropoid apes, 
show evidence of second-order IA, an essential 
component of human fairness because it seeks to 
equalize outcomes. Thus, humans and other spe- 
cies seem to share basic reactions to inequity, 
which serve the need for sustained cooperation 
(Table 2). Humans’ unprecedented brain enlarge- 
ment allows for greater understanding of the 
benefits of self-control in the context of resource 
division. Additionally, the development of lan- 
guage enabled communication about third parties, 
which may have enhanced the role of reputation 
building. Despite these differences, many of the 
basic emotional reactions and calculations under- 
lying our sense of fairness seem rooted in our 
primate background. We suggest that future re- 
search more explicitly investigate what we con- 
sider the key variables underlying IA, including 
dependence on cooperation, anticipation of the 
way resource division affects relationships, and 
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the freedom to choose and change partners, as 
well as the relative roles of first- and second- 
order IA. A cross-species investigation with a 
standardized paradigm may further illuminate 
the factors involved and help verify or falsify 
the model proposed. 
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APPLIED EVOLUTION 
Exploiting evolution 
for humanity’s sake 


Using artificial selection, humans 
have tapped into evolutionary 
processes for thousands of 
years. The results of this process 
we see all around us, from the 
dogs we share our homes with 
to the food we put on our table. 
Carroll et al. review the ways that 
a more intentional harnessing 

of evolution may be able to help 
us meet some of Earth's most 
pressing challenges, including 
disease, climate change, and 
food security. — SNV 


Science, this issue p. 313 


SKILL DEVELOPMENT 
Learning requires 
the brain to change 


We may be leveraging change in 
our brains more than we have 
thought. Ohayon et al. knocked 
out cells responsible for laying 
down insulating myelin along 
neuronal axons in the brains of 
otherwise normal adult mice 
(see the Perspective by Long and 
Corfas). The mice lacking the 
myelin-forming cells were less 
able to learn a new motor skill 
involving running on a wheel with 
unevenly spaced bars. Although 
we may not run on a wheel, when 
trying to master new motor skills 
such as juggling, we too may well 
rely on similar myelin-producing 
cells. — PJH 


Science, this issue p. 318; 
see also p. 298 


SOCIAL EVOLUTION 
The evolutionary benefits 
of behaving fairly 


Humans have a deep and innate 
sense of fairness. Humans, 
however, are not the only species 
to react to apparent inequities. 
Brosnan and de Waal propose 
that inequity aversion can be 
broken down into two levels. At 
the most basic level, individu- 

als react to immediate unequal 


318 


distribution of a reward for equal 
effort expended, whereas at the 
second, they show the ability 
to accept a current unequal 
distribution with the expecta- 
tion that over time distribution 
will equalize. This second level 
facilitates cooperation over 
time and requires the cognitive 
abilities both to assess current 
distribution and envision future 
opportunities for equalization. 
As cognitive abilities advanced 
across the primate lineage, this 
more complex accounting of 
equal distribution and coopera- 
tion may have developed into the 
complete sense of fairness we 
see in humans today. — SNV 
Science, this issue p. 314 


LAB ASTROPHYSICS 
Stellar outflows 
replicated in miniature 


Astronomers observe tight bright 
jets beaming from the poles of 
many celestial objects. But what 
focuses them so well? Albertazzi 
et al. recreated a scaled-down 
plasma jet in a laboratory setting 
to match the behavior of those in 
young stellar objects. The 
experiments show that the jets 
are collimated by a poloidal 
magnetic field aligned with the 
same axis. A conelike shock also 
emerges, as the expanding 
plasma is abruptly confined by 
the magnetic field. — MMM 


Science, this issue p. 325 


OPTICS 

Achieving gain despite 
increasing loss 

When energy is pumped into 

an optically active material, the 
buildup (or gain) of excitations 
within the material can reach a 
critical point where the emission 
of coherent light, or lasing, can 
occur. In many systems, however, 
the buildup of the excitations is 
suppressed by losses within the 
material. Overturning conven- 
tional wisdom that loss is bad 
and should be minimized, Peng et 
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al. show that carefully tweaking 
the coupling strength between 
the various components of a 
coupled optical system can actu- 
ally result in an enhancement of 
the optical properties by adding 
more loss into the system (see 
the Perspective by Schwefel). 
The results may provide a clever 
design approach to counteract 
loss in optical devices. — ISO 


Science, this issue p. 328; 
see also p. 304 


ATTOSECOND DYNAMICS 
Avery quick look 
at phenylalanine 


Over the past decade, laser 
technology has pushed back 
the fastest directly observable 
time scale from femtoseconds 
(quadrillionths of a second) to 
attoseconds (quintillionths of 
a second). For the most part, 
attosecond studies so far have 
probed very simple molecules 
such as H, and O,. Calegari et 
al. now look at a more elaborate 
molecule—the amino acid phe- 
nylalanine. They tracked changes 
in the electronic structure of 
the compound after absorption 
of an ultrafast pulse, before the 
onset of conventional vibrational 
motion. — JSY 

Science, this issue p. 336 


NITROGEN UPTAKE 
Getting to the root 
of a root problem 


Although a plant's root system 
reaches through the soil in search 
of nutrients, its search is not 
indiscriminate. If some section of 
the root is unable to deliver the 
amount of nitrogen that the rest 
of the plant demands, other sec- 
tions of the root compensate and 
ramp up their delivery of nitrogen. 
Tabata et al. have now found 

a small peptide that delivers a 
signal involved in this process 
(see the Perspective by Bisseling 
and Scheres). Only with percep- 
tion of the signal by the matching 
receptor in the shoot can the root 
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system compensate for unpro- 
ductive members. — PJH 


Science, this issue p. 343; 
see also p. 300 


ION CHANNELS 
Insight into a retinal 


degeneration disease 


Human bestrophin 1 (hBest1) is 
a membrane protein that forms 
a chloride channel in the retinal 
pigment epithelium. Mutations 
in hBestl can lead to a retinal 
degeneration disease known as 
Best disease. Yang et al. describe 
the structure of KpBest, a bacte- 
rial homolog of hBestl. KpBest 
forms a pentamer with an ion 
channel at its center. In contrast 
to hBest1l, KpBest1 is a sodium 
channel. The structure suggests 
a mechanism for ion selectivity 
that was confirmed by muta- 
genesis of KpBest and hBestl. 
A model of the hBest1 channel 
structure based on the KpBest 
structure reveals how mutations 
cause disease. — VV 

Science, this issue p. 355 


AGING 
Cytoskeleton protects 


from stress and aging 


The transcription factor HSF-1 has 
an unexpected second function 
that allows it to extend longevity 
in worms. Baird et al. expressed 

a modified form of HSF-1in 
nematodes. The modified protein 
could not activate genes encoding 
protein chaperones. Such chap- 
erones are thought to protect 
many cellular proteins from heat 
shock and other damage during 
aging However, the modified pro- 
tein still extended the worm life 
span by regulating the transcrip- 
tion of other genes. One gene 

it regulated was pat-10, which 
encodes a troponin-like calcium 
binding protein. Overexpression 
of PAT-10 also extended worm life 
span, apparently by changing the 
stability of the actin cytoskeleton. 
—LBR 


Science, this issue p. 360 
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PROBING THE 


solar interface region 


By Bart De Pontieu,' Alan Title,’ and Mats Carlsson? 


he Sun has been the subject of human curiosity since the 
dawn of time. It provides the energy that makes Earth 
habitable and is also the closest star to Earth. The Sun 
thus acts as a laboratory that provides detailed views of 
physical processes that occur in other, much more distant, 
astrophysical objects. Much progress has been made in 
understanding how nuclear fusion powers the Sun’s 15- 
million-degree core and the mechanisms that transport this 
energy to the visible surface, where most of the light that 
reaches Earth is released. However, major unresolved questions lin- 
ger about how the heliosphere, the Sun’s outer atmosphere in which 
we live, is shaped and powered. We do not understand the counter- 
intuitive rise of temperature from the 6000-K surface to millions of 
degrees in the Sun’s outer atmosphere or corona. Equally puzzling 
is the solar wind, a high-speed continuous stream of particles that 
permeates space around Earth. These are not academic problems: 
Violent explosions such as flares and coronal mass ejections cause 
bouts of bad space weather that threaten power grids, satellites, 
and astronauts. These eruptions originate in and travel through 
this poorly understood solar atmosphere and wind. An important 
step in our quest to better understand such violent events is then 
to explore what drives the quiescent state of the solar atmosphere. 

In June 2013, NASA launched the Interface Region Imaging Spec- 
trograph (IRIS), an Earth-orbiting small explorer satellite with a 
20-cm telescope onboard. IRIS uses gratings to split the Sun’s near- 
and far-ultraviolet light into its constituent wavelengths, in order 
to remotely probe the physical conditions in the interface region 
that consists of the chromosphere and transition region. Recent re- 
search suggested that it is here, at the interface between surface 
and corona, that answers to some of the more vexing unresolved 
questions in solar physics might be found. In this special section of 
Science, five Reports exploit the high-resolution images and spec- 
tra obtained with IRIS to present major advances toward a com- 
prehensive understanding of how the solar atmosphere is energized 
(sciencemag.org/special/iris). 

Testa et al. find compelling evidence for the presence of high- 
energy particles generated during coronal nanoflares, small-scale 
heating events long hypothesized to drive coronal heating through 
the release of energy when magnetic field lines reconnect. These 


results provide constraints for models of the poorly understood 
mechanism that accelerates these electrons to such high energies 
and that probably acts under many other astrophysical conditions. 

Hansteen et al. reveal the presence of small-scale magnetic loops 
in high-resolution images of IRIS and advanced three-dimensional 
numerical models, resolving a long-standing debate about the na- 
ture of the transition region emission. These results vindicate the 
view that much of this emission does not originate in the “classical” 
transition region between the surface and the hot loops. Rather, the 
emission occurs in “unresolved fine structure” that has now been 
spatially resolved, thereby removing a major impediment to the 
modeling of coronal loops. 

Peter et al. exploit the power of high-resolution spectroscopy to re- 
veal a solar atmosphere turned upside down: Hot plasma at 100,000 
K is found closer to the solar surface than previously imagined, 
sandwiched by cool plasma both below and above. The hot plasma 
is heated by “bombs” in which the reconnection of magnetic fields 
leads to rapid heating. These unexpected results will likely lead to a 
reassessment of other phenomena in the low solar atmosphere, such 
as the mysterious Ellerman bombs discovered almost a century ago. 

De Pontieu et al. describe a chromosphere that is replete with 
twisting motions on very small scales that are associated with the 
heating of plasma to transition region temperatures. They are the 
signature of propagating Alfven wave pulses and provide support 
for recently developed models of atmospheric heating and dynam- 
ics and insight into the transport of helicity in the solar atmosphere. 

Tian et al. find evidence of high-speed jets at the root of the so- 
lar wind, fountains of plasma that appear to undergo rapid heat- 
ing from chromospheric to transition region temperatures. These 
observations provide support for recent suggestions that the solar 
wind does not necessarily originate only from gentle evaporation in 
funnels rooted in strong field regions. 

Together, these results provide critical pieces in the still-unsolved 
puzzle of fully understanding of how the Sun shapes and affects the 
heliosphere. With solar activity at high levels, more advances from 
the imaging spectrograph onboard IRIS can be expected, especially 
with respect to flares and coronal mass ejections. 


10.1126/science.346.6207.315 
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RY ds HOTU HOM LOM EYEING THE SUN 


On the prevalence of small-scale twist in the 


solar chromosphere and transition region 


B. De Pontieu,* L. Rouppe van der Voort, S. W. McIntosh, T. M. D. Pereira, 
M. Carlsson, V. Hansteen, H. Skogsrud, J. Lemen, A. Title, P. Boerner, 

N. Hurlburt, T. D. Tarbell, J. P. Wuelser, E. E. De Luca, L. Golub, 

S. McKillop, K. Reeves, S. Saar, P. Testa, H. Tian, C. Kankelborg, 

S. Jaeggli, L. Kleint, J. Martinez-Sykora 


The solar chromosphere and transition region (TR) form an interface between 
the Sun’s surface and its hot outer atmosphere. There, most of the nonthermal 
energy that powers the solar atmosphere is transformed into heat, although 
the detailed mechanism remains elusive. High-resolution (0.33-arc second) 
observations with NASA’s Interface Region Imaging Spectrograph reveal a 
chromosphere and TR that are replete with twist or torsional motions on sub- 
arc second scales, occurring in active regions, quiet Sun regions, and coronal 
holes alike. We coordinated observations with the Swedish 1-meter Solar 
Telescope (SST) to quantify these twisting motions and their association with 
rapid heating to at least TR temperatures. This view of the interface region 
provides insight into what heats the low solar atmosphere. 


The list of author affiliations is available in the full article online. * Corresponding author: 
E-mail: bdp@Imsal.com 


Prevalence of small-scale jets from 
the networks of the solar transition region 
and chromosphere 


H. Tian,* E. E. DeLuca, S. R. Cranmer, B. De Pontieu, H. Peter, 

J. Martinez-Sykora, L. Golub, S. McKillop, K. K. Reeves, M. P. Miralles, 
P. McCauley, S. Saar, P. Testa, M. Weber, N. Murphy, J. Lemen, 

A. Title, P. Boerner, N. Hurlburt, T. D. Tarbell, J. P. Wuelser, L. Kleint, 
C. Kankelborg, S. Jaeggli, M. Carlsson, V. Hansteen, S. W. McIntosh 


As the interface between the Sun’s photosphere and corona, the chromosphere 
and transition region play a key role in the formation and acceleration of the 
solar wind. Observations from the Interface Region Imaging Spectrograph reveal 
the prevalence of intermittent small-scale jets with speeds of 80 to 250 kilom- 
eters per second from the narrow bright network lanes of this interface region. 
These jets have lifetimes of 20 to 80 seconds and widths of <300 kilometers. 
They originate from small-scale bright regions, often preceded by footpoint 
brightenings and accompanied by transverse waves with amplitudes of ~20 kilom- 
eters per second. Many jets reach temperatures of at least ~105 kelvin and consti- 
tute an important element of the transition region structures. They are likely an 
intermittent but persistent source of mass and energy for the solar wind. 


The list of author affiliations is available in the full article online. *Corresponding author: 
E-mail: hui.tian@cfa.harvard.edu 


Evidence of nonthermal particles in coronal 
loops heated impulsively by nanoflares 


P. Testa,* B. De Pontieu, J. Allred, M. Carlsson, F. Reale, A. Daw, 

V. Hansteen, J. Martinez-Sykora, W. Liu, E. E. DeLuca, L. Golub, 

S. McKillop, K. Reeves, S. Saar, H. Tian, J. Lemen, A. Title, P. Boerner, 
N. Hurlburt, T. D. Tarbell, J. P. Wuelser, L. Kleint, C. Kankelborg, S. Jaeggli 


The physical processes causing energy exchange between the Sun’s hot corona 
and its cool lower atmosphere remain poorly understood. The chromosphere and 
transition region (TR) form an interface region between the surface and the co- 
rona that is highly sensitive to the coronal heating mechanism. High-resolution 
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‘ Mg II k image taken with IRIS 
_ (NASA/LMSAL), showing the upper 
; chromosphere of the Sun. 


PHOTO: TIAGO PEREIRA, UNIVERSITY OF OSLO, NORWAY 


observations with the Interface Region Imaging Spectrograph reveal rapid 
variability (~20 to 60 seconds) of intensity and velocity on small spatial scales 
(=500 kilometers) at the footpoints of hot and dynamic coronal loops. The ob- 
servations are consistent with numerical simulations of heating by beams of 
nonthermal electrons, which are generated in small impulsive (<30 seconds) 
heating events called “coronal nanoflares.” The accelerated electrons deposit a 
sizable fraction of their energy (=1025 erg) in the chromosphere and TR. Our 
analysis provides tight constraints on the properties of such electron beams 
and new diagnostics for their presence in the nonflaring corona. 


The list of author affiliations is available in the full article online. *Corresponding author: 
E-mail: ptesta@cfa.harvard.edu 


Hot explosions in the cool atmosphere 
of the Sun 


H. Peter,* H. Tian, W. Curdt, D. Schmit, D. Innes, B. De Pontieu, 
J. Lemen, A. Title, P. Boerner, N. Hurlburt, T. D. Tarbell, 

J. P. Wuelser, Juan Martinez-Sykora, L. Kleint, L. Golub, 

S. McKillop, K. K. Reeves, S. Saar, P. Testa, C. Kankelborg, 

S. Jaeggli, M. Carlsson, V. Hansteen 


The solar atmosphere was traditionally represented with a simple one- 
dimensional model. Over the past few decades, this paradigm shifted for the 
chromosphere and corona that constitute the outer atmosphere, which is 
now considered a dynamic structured envelope. Recent observations by the 
Interface Region Imaging Spectrograph (IRIS) reveal that it is difficult to 
determine what is up and down, even in the cool 6000-kelvin photosphere 
just above the solar surface: This region hosts pockets of hot plasma tran- 
siently heated to almost 100,000 kelvin. The energy to heat and accelerate 
the plasma requires a considerable fraction of the energy from flares, the 
largest solar disruptions. These IRIS observations not only confirm that the 
photosphere is more complex than conventionally thought, but also provide 
insight into the energy conversion in the process of magnetic reconnection. 


The list of author affiliations is available in the full article online. *Corresponding author: 
E-mail: peter@mps.mpg.de y 


The unresolved fine structure resolved: 
IRIS observations of the solar transition 
region 

V. Hansteen,* B. De Pontieu, M. Carlsson, J. Lemen, A. Title, 

P. Boerner, N. Hurlburt, T. D. Tarbell, J. P. Wuelser, T. M. D. Pereira, 


E. E. De Luca, L. Golub, S. McKillop, K. Reeves, S. Saar, P. Testa, 
H. Tian, C. Kankelborg, S. Jaeggli, L. Kleint, J. Martinez-Sykora 


The heating of the outer solar atmospheric layers, i.e., the transition 
region and corona, to high temperatures is a long-standing problem in 
solar (and stellar) physics. Solutions have been hampered by an incomplete 
understanding of the magnetically controlled structure of these regions. 
The high spatial- and temporal-resolution observations with the Interface 
Region Imaging Spectrograph (IRIS) at the solar limb reveal a plethora of 
short, low-lying loops or loop segments at transition-region temperatures 
that vary rapidly, on the time scale of minutes. We argue that the existence 
of these loops solves a long-standing observational mystery. At the same 
time, based on comparison with numerical models, this detection sheds 
light on a critical piece of the coronal heating puzzle. 


The list of author affiliations is available in the full article online. *Corresponding author: 
E-mail: viggoh@astro.uio.no 
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SOLAR PHYSICS 


Prevalence of small-scale jets from 
the networks of the solar transition 
region and chromosphere 


H. Tian, E. E. DeLuca,’ S. R. Cranmer,’ B. De Pontieu,” H. Peter,’ J. Martinez-Sykora,”* 
L. Golub,’ S. McKillop,” K. K. Reeves,’ M. P. Miralles,’ P. McCauley,’ S. Saar,’ P. Testa," 
M. Weber,’ N. Murphy,’ J. Lemen,” A. Title,” P. Boerner,” N. Hurlburt,” T. D. Tarbell,” 

J. P. Wuelser,” L. Kleint,”* C. Kankelborg,” S. Jaeggli,” M. Carlsson,® 

V. Hansteen,® S. W. McIntosh” 


As the interface between the Sun’s photosphere and corona, the chromosphere and 
transition region play a key role in the formation and acceleration of the solar wind. 
Observations from the Interface Region Imaging Spectrograph reveal the prevalence of 
intermittent small-scale jets with speeds of 80 to 250 kilometers per second from the 
narrow bright network lanes of this interface region. These jets have lifetimes of 20 to 


80 seconds and widths of <300 kilometers. They originate from small-scale bright 
regions, often preceded by footpoint brightenings and accompanied by transverse 
waves with amplitudes of ~20 kilometers per second. Many jets reach temperatures 
of at least ~10° kelvin and constitute an important element of the transition region 
structures. They are likely an intermittent but persistent source of mass and energy 


for the solar wind. 


he Sun continuously emits ionized particles 
into interplanetary space in the form of the 
solar wind. A challenging investigation has 
now carried on for almost 50 years to un- 
derstand where the solar wind originates 
and how it is accelerated (7, 2). Dark regions in 
coronal images indicate the coronal holes that 
are the commonly accepted large-scale source 
regions of the high-speed solar wind. However, 
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Fig. 1. Examples of network jets. (A) An unsharp masked (SM) 1330 A slit-jaw image (movi 


identifying precise origin sites within coronal 
holes requires high-resolution observations of 
the chromosphere and transition region (TR), a 
complex interface between the relatively cool pho- 
tosphere (~6 x 10° K) and hot corona (~10° K). 
The mass and energy that ultimately feed the 
solar wind must pass through this region. 

The dominant emission features in this inter- 
face region are the network structures that ap- 


pear as narrow bright lanes enclosing dark cells, 
with sizes of ~20,000 km in radiance images of 
emission lines (3). The network lanes (networks 
thereafter) are believed to be locations of strong 
magnetic fluxes originating from the boundaries 
of convection cells with similar sizes in the pho- 
tosphere. Previous observations of coronal holes 
with the Solar Ultraviolet Measurements of Emitted 
Radiation (SUMER) instrument (4) onboard the 
Solar and Heliospheric Observatory (SOHO) re- 
vealed Doppler blue shifts of 5 to 10 km s? for 
emission lines formed in the upper TR (5). They 
were interpreted as signatures of the nascent 
solar wind guided by funnellike magnetic struc- 
tures originating from the networks (6). 

Recent analyses revealed weak blue wing en- 
hancements in profiles of emission lines formed 
in the TR (7, 8). These weak enhancements 
indicate the possible presence of a plasma com- 
ponent flowing upward with speeds of 50 to 
100 km s™, which may provide heated mass to 
the solar wind (8). It has been difficult to test this 
proposed idea without direct imaging of such TR 
upflows on the solar disk, although moderate- 
resolution observations have revealed signatures 


lHarvard-Smithsonian Center for Astrophysics, 60 Garden 
Street, Cambridge, MA 02138, USA. *Lockheed Martin Solar and 
Astrophysics Laboratory, 3251 Hanover Street, Organization 
A02IS, Building 252, Palo Alto, CA 94304, USA. °Max Planck 
Institute for Solar System Research, Justus-von-Liebig-Weg 3, 
37077 Gottingen, Germany. “Bay Area Environmental Research 
Institute, 596 1st Street West, Sonoma, CA 95476, USA. 
“Department of Physics, Montana State University, Post Office 
Box 173840, Bozeman, MT 59717, USA. Institute of Theoretical 
Astrophysics, University of Oslo, Post Office Box 1029, Blindern, 
0315 Oslo, Norway. “High Altitude Observatory, National Center 
for Atmospheric Research, Post Office Box 3000, Boulder, CO 
80307, USA. 

*Corresponding author. E-mail: hui.tian@cfa.harvard.edu 


B Slit-jaw 1330 Intensity 
0. 
@ 10 
o 
2 8 
4 
& 6 
8 
ce 4 
£ 
Q 2 
O 9 ¥ 
0 100 200 300 400 
Time after 2014-01-23T07:25:06 (Second) 
Cc 12 ’ 20 : ; ; 
a=155.1 a=49.8 
10 s=62.20 | $=23.8 
2 15} | 
2 Bt ; 
- 6 + 40} | 
8 
4 a ma 
§ S| L | 
Z 2t | 
0 0 aoe lee 
790 800 0 100 200 300 0 50 100 150 
Speed (km/s) Lifetime (Second) 
e S3). The dashed line marks the path of a jet. (B) Space-time plot 


for the jet marked in (A). (C) Distributions of the apparent speeds and lifetimes for 63 jets. The average (a) and standard deviation (s) values are also shown. 
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of chromospheric upflows being heated to TR tem- 
= . peratures at the solar limb in a coronal hole (9). 
Slit-jaw 1330 Intensity Using observations from the Interface Region 
0.0 05 1.9 | Imaging Spectrograph (IRIS) (10), we report re- 
1 r 4 DG: _ ’ ] sults from direct imaging on the solar disk of 
high-speed upflows with apparent speeds of 80 
to 250 km s~. Thanks to the high resolution 
(~250 km) in new wavelength windows, IRIS slit- 
jaw imaging observations with the 1400, 1330, and 
2796 A filters [see the supplementary materials 
(SM)] unambiguously reveal the prevalence of 
small-scale jetlike emission features from the 
bright networks (figs. S1 to S3 and movies S1 and 
$2). These three filters sample emission from the 
Si IV, C I, and Mg II ions, which are formed at 
temperatures of ~10° K, ~3 x 10* K, and ~10* K, 
respectively. These network jets usually show fast 
upward motion with no obvious downward com- 
ponent. Although these jets are more easily seen 
in coronal holes located near the solar limb 
r (movies S1 to S5), they are clearly detected at 
ike ‘ . . L | a ‘= a ee . : . . 
762° 76d. 766 768 770 772. 774. 762 FeA 7eG 768. 770. We Fra | APY tocaton on the solar disk outside active re 
gions (movie S6). 
Solar-X (arc sec) Solar-X (arc sec) These network jets are best seen in 1330 A 
Fig. 2. (A and B) Two unsharp masked 1330 A slit-jaw images showing the origin of network jets | images. The jet widths are usually around ~300 km 
from small-scale bright regions in the network (movie S4). The red lines outline two jets. and approach the instrument resolution limit, 


464 be 


Solar-Y (arc sec) 


458 


A Slit-jaw 1330 Intensity B Peak Intensity C Line Width [km/s] D Line profile at location 1 
EE) ET EEE 
0.00 0.50 1.00 0.00 0.80 1.60 8.0 20.0 32.0 


Counts 


-100 -50 0 50 100 
Velocity (km/s) 


E Line profile at location 2 


Solar-Y (arc sec) 
ay 
fe?) 
fo) 


440 


Counts 


E ~ ih wal | f OL. f f f ! 
790 795 800 805 810 815 20 25 30 35 20 25 30 35 -100 -50 0 50 100 
Solar-X (arc sec) Time (min) Time (min) Velocity (km/s) 


Fig. 3. Signatures of network jets in Si IV 1393.77 A line profiles (movie $5). (A) Unsharp masked 1330 A slit-jaw image taken at 07:33:55 UT on 23 
January 2014. (B and ©) Temporal evolution of the intensity and line width along the slit from a Gaussian fit of Si IV line profiles. The vertical line indicates the 
slit location in (A) and time of 07:33:55 UT in (B) and (C). (D and E) Observed line profiles (black) at the two locations indicated by the arrows. Red lines are the 
Gaussian fits. 
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suggesting that the actual widths of many jets 
may be even smaller. By applying the space-time 
technique (SM) to the 1330 A image sequence 
obtained on 23 January 2014 (table Sl and movie 
$2), we have quantified the apparent speeds and 
lifetimes for 63 randomly selected jets (Fig. 1). The 
speeds fall mostly in the range of 80 to 250 kms}, 
which is much larger than the sound speed and 
close to the Alfvén speed in the chromosphere 
(11) and TR. These velocities are significantly 
larger than previously reported jet velocities in 
the chromosphere and TR (12-16). Some jets also 
show signatures of acceleration. Their lifetimes 
range mainly from 20 to 80 s. Most jets extend to 
lengths of 4 to 10 Mm (1 Mm = 10° m), although 
some clearly reach ~15 Mm. 

Many network jets also exhibit obvious mo- 
tions transverse to their propagation direction, 
indicating that they carry transverse magne- 
tohydrodynamic waves known as Alfvén waves 
(11, 17). The wave magnitudes are difficult to mea- 
sure from slit-jaw images, because strong emission 
from other features complicates the quantification 
of the transverse displacement, and the jet lifetimes 
are usually too short to allow the detection of a 
full wave cycle. Instead, we use spectroscopic 
observations to estimate the approximate veloc- 
ity amplitudes of Alfvén waves. The root-mean- 
square value of the fluctuating Doppler shift of 
the Si IV 1393.77 Aline is ~5 km s’, which can be 
regarded as the resolved wave amplitude (SM 
and fig. S5). 

Many of these network jets are likely the 
on-disk counterparts and TR manifestation 
of type II spicules (SM), which are jetlike features 
moving upward with speeds of 50 to 110 kms" 


A Slit-jaw 1330 Intensity 


in the chromosphere above the solar limb (15, 16). 
Our direct imaging of flows along these jets on 
the solar disk is almost unaffected by line-of- 
sight superposition, thus providing further sup- 
port for the debated existence of high-speed 
jetlike features (76, 18). IRIS observations also 
reveal their origin in the networks, which off- 
limb observations cannot determine. Yet we no- 
tice that network jet velocities are generally twice 
those of type II spicules, suggesting that the net- 
work jets sampled by the TR passbands are those 
being heated and accelerated in the upper chro- 
mosphere and TR (79) and/or that the apparent 
speeds we observe here are not all caused by mass 
flows. Additional absorbing components at the 
blue wings of some chromospheric absorption 
lines were previously claimed to be on-disk count- 
erparts of type II spicules (73). These features 
with speeds of 20 to 50 kms‘ are probably the 
lower-temperature parts and/or less-accelerated 
phase of the network jets. 

Many network jets tend to recur at roughly the 
same locations on time scales of ~2 to 15 min. Our 
on-disk observations show that these jets origi- 
nate from localized bright regions in the networks 
(Fig. 2 and movie S4). Sometimes we see obvious 
brightening at the footpoints of these jets. A few 
jets appear to reveal the characteristic inverted 
Y-shape morphology (Fig. 2B) that is associated 
with a bipolar magnetic field line reconnecting 
with a unipolar large-scale field (12). These char- 
acteristics, together with the high speeds, suggest 
that some of these intermittent jets may result 
from repeated magnetic reconnection (20) between 
small magnetic loops and the background open 
flux in the networks. It is also possible that the 
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source regions of these jets are too small to be 
resolved by IRIS, or that other mechanisms (SM) 
such as flux emergence and the associated Lorentz 
force are responsible for the acceleration of the 
jets (27). 

Spectroscopic observations from IRIS reveal 
that many jets reach temperatures of at least 
~10° K, the formation temperature of the Si IV 
1393.77 A line under ionization equilibrium. The 
most prominent signature of network jets in Si 
IV line profiles is a significant increase of the line 
broadening, which could be a consequence of 
field-aligned flows (22) or unresolved transverse 
motions such as Alfvén waves (23) and twists (24). 
Combined imaging and spectral observations of 
IRIS can help evaluate the contribution from 
field-aligned flows and transverse motions. 

Greatly enhanced widths of the Si IV line are 
found around two locations of network jets (Fig. 3). 
The slit crosses the lower part of a recurring jet 
complex at location 1. There the obvious enhance- 
ment of the line profile at the blue wing (Fig. 3D 
and SM) indicates an association with the net- 
work jets visible in the slit-jaw images (movie S5). 
Thus, the enhanced line broadening here is large- 
ly caused by the superposition of the field-aligned 
flows (jets) on the network background. 

Location 2 corresponds to the upper part of 
some swaying network jets (movie S5). Given the 
nearly symmetric line profile and that this region 
is close to the limb, these jets are likely propa- 
gating largely in the plane perpendicular to the 
line of sight. So the line broadening appears to 
be largely caused by unresolved Alfvén waves, 
or small-scale twists that are often associated 
with unresolved torsional Alfvén waves (25). If we 
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Fig. 4. TR filamentary structures caused by network jets (movie S6). (A) An unsharp masked 1330 A slit-jaw image. (B and C) Maps of intensity and line 
width from a Gaussian fit of Si IV 1393.77 A line profiles. The vertical line indicates the slit location. 
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attribute the nonthermal width (SM and fig. S5) 
to these unresolved waves, the wave amplitude is 
estimated to be ~21 kms". 

Intensity and linewidth maps of Si IV (Fig. 4) 
reveal details of the TR structures. One promi- 
nent feature of these maps is the presence of 
filamentary or elongated structures. Comparing 
these maps with the slit-jaw images (movie S6) 
reveals an association of many such features with 
network jets. Depending on viewing angles, en- 
hanced line widths in these filamentary structures 
could be caused by either the superposition of jet 
emission on the network background, or unre- 
solved transverse motions, or both. This associ- 
ation reveals that network jets constitute an 
important element of TR structures (SM). 

These jets are likely to be an intermittent but 
continual source of mass and energy for the solar 
wind. We find a total mass loss rate of (2.8 to 
36.4) x 10” gs"! for these jets if we assume that 
all jet plasma contributes to the solar wind (SM). 
This value is about 2 to 24 times larger than the 
total mass loss rate of the solar wind, yet we have 
to remember that it is difficult to determine the 
true contribution to the solar wind without suf- 
ficiently sensitive coronal observations. With a 
wave amplitude of ~20 km s“|, the energy flux 
of Alfvén waves carried by the jets should be 4 
to 24.kW m ? (SM). This is much larger than that 
required to drive the solar wind (~700 W m”), 
yet we do not know how much of this energy is 
dissipated. 

The prevalence of these network jets may 
challenge current solar wind models. Most time- 
steady descriptions of the solar wind (J, 26) rely 
on mass flux driven by evaporation from the 
upper TR, induced by a combination of down- 
ward heat conduction from the corona and local 
radiative losses (27). Although successfully pre- 
dicting the coronal heating and wind properties 
at Earth, these models usually produce steady 
flows of only a few kilometers per second in the 
chromosphere and TR. Such steady low-speed 
outflows have never been imaged. 

In contrast, our IRIS observations reveal the 
presence of intermittent high-speed upflows from 
the networks. If the mass in these jets actually is 
lost in the solar wind, then models must be 
updated to account for this highly intermittent 
component. A proposed reconnection-driven solar 
wind model (6) may be consistent with our ob- 
servations. This scenario, which involves recon- 
nection between open field lines in the network 
and surrounding low-lying loops, has been sim- 
ulated numerically (28). However, the maximum 
outflow velocities produced by this model are only 


~30 km s-}, and it is unclear whether the entire 
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mass and energy flux of the wind can be produced 
in this way (29). 

If these jets are not the nascent solar wind, 
at least their interaction with the wind should 
be considered in solar wind models, because 
they are the most prominent TR features in the 
networks where the wind is believed to originate. 
One recent model does include some upward and 
downward motions of the TR plasma (30). How- 
ever, these motions have speeds of ~60 km s~* at 
most, and the jets we observe show much faster 
upward motions. Obviously, a successful solar 
wind model must carefully evaluate the mass and 
energy contributions from these network jets. 
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SOLAR PHYSICS 


Evidence of nonthermal particles in 
coronal loops heated impulsively 


by nanoflares 


P. Testa,'* B. De Pontieu,”* J. Allred,* M. Carlsson,” F. Reale,” A. Daw,* V. Hansteen,” 
J. Martinez-Sykora,® W. Liu,”’” E. E. DeLuca,’ L. Golub,' S. McKillop,’ K. Reeves," 

S. Saar,’ H. Tian,’ J. Lemen,” A. Title,” P. Boerner,” N. Hurlburt,” T. D. Tarbell,” 

J. P. Wuelser,” L. Kleint,”** C. Kankelborg,® S. Jaeggli® 


The physical processes causing energy exchange between the Sun’s hot corona and its 
cool lower atmosphere remain poorly understood. The chromosphere and transition region 
(TR) form an interface region between the surface and the corona that is highly sensitive to 
the coronal heating mechanism. High-resolution observations with the Interface Region 
Imaging Spectrograph (IRIS) reveal rapid variability (~20 to 60 seconds) of intensity and 
velocity on small spatial scales (500 kilometers) at the footpoints of hot and dynamic 
coronal loops. The observations are consistent with numerical simulations of heating by 
beams of nonthermal electrons, which are generated in small impulsive (<30 seconds) 
heating events called “coronal nanoflares.” The accelerated electrons deposit a sizable 
fraction of their energy (<107° erg) in the chromosphere and TR. Our analysis provides tight 
constraints on the properties of such electron beams and new diagnostics for their 


presence in the nonflaring corona. 


hough it is established that the magnetic 
field plays a major role in the energetics of 
the bright corona, determining the details 
of the physical mechanisms that heat the 
solar corona remains one of the outstand- 
ing open issues in astrophysics. Several physical 
processes are candidates for heating the corona, 
including dissipation of magnetic stresses via re- 
connection and dissipation of magnetohydrody- 
namic waves (J-3). In many heating models, the 
energy release is characterized by small spatial 
and temporal scales. For instance, in the “nano- 
flare” model, random photospheric motions lead 
to braiding or shearing of magnetic field lines 
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and to reconnection, which yields impulse-driven 
heating of the coronal plasma (4, 5). Several 
statistical studies of large numbers of solar flares 
(6-8) have suggested that the energy-release mech- 
anism that produces flares is likely similar within 
a large range from micro- to X-class flares. If na- 
noflares behave as a scaled-down version of larger 
flares, then particles accelerated in the corona by 
reconnection processes could play an important 
role in the heating of plasma even in the absence 
of large flares. Hard x-ray observations of micro- 
flares (E ~ 107” erg) in active regions reveal the 
presence of nonthermal particles (8, 9), but 
nanoflare-size events (E ~ 10** erg) are not cur- 
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rently accessible to hard x-ray studies, owing to 
the limited sensitivity of existing facilities. As a 
result, the properties and generation of nonther- 
mal particles in the solar atmosphere and their role 
in quiescent coronal heating remain poorly known. 

The observational tracers of the coronal heat- 
ing are elusive because the corona is highly con- 
ductive, washing out the signatures of heating 
release. However, the emission of the transition 
region (TR), where the temperature steeply in- 
creases to million degree values (MK) in a nar- 
row layer (~1 x 10° to 3 x 10° cm), is instead 
highly responsive to heating because its density, 
temperature gradients, and spatial dimensions 
change rapidly during heating events (10-12). 
This is also the case for coronal heating events 
where nonthermal electrons are produced that 
lose most of their energy through collisions with 
dense chromospheric and transition-region plas- 
ma (thick-target model) (13, 14). 

Recently, the High-resolution Coronal Imager 
(Hi-C) rocket experiment (15) provided high-cadence 
~5 s) extreme ultraviolet (EUV) imaging observa- 
tions of the corona at the highest spatial (~200 km) 
resolution to date. Hi-C observations of the upper 
TR at the footpoints (i.e., the lower portion of the 
loop that connects it to the lower atmosphere) 
of hot (>4 MK) coronal loops (the “moss”) have 
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Fig. 1. Imaging observations of moss brightenings associated with coronal loop heating. Coronal and TR images of active region 11890, on 2013-11-09. 
The IRIS slit-jaw image (SJI) in the 1400 A passband, and the AIA/SDO 193 A image are dominated by TR emission, whereas the 94 A images is dominated by 
hot coronal emission (19). The brightenings that we focus on occur around x = 40 to 65 and y = 60 to 90 [see also movies S1 and S2; in (19), we also discuss 
brightenings that occur around x ~ 55 and y = 20 to 25]. 
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revealed rapidly variable emission, consistent with | determination of the plasma properties (e.g., The Interface Region Imaging Spectrograph 
coronal nanoflares caused by slipping recon- | plasma flows at different temperatures) and | (IRIS) (/6), launched in June 2013, is exception- 
nection (72). However, the lack of spectral in- | therefore prevents a detailed study of the phys- | ally well suited to investigate the response of the 
formation in Hi-C data precludes an accurate | ical processes at work. lower atmosphere to heating events, as it provides 
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Fig. 2. Temporal evolution of TR emission for observed brightenings is dominated by time scales on the order of 10 to 30 s. Left: IRIS 1400 A SJI of a 
region where most of the footpoint chromospheric and TR brightenings occur. A few locations are marked for which the temporal evolution of the 


chromospheric, TR, and coronal emission is shown in Fig. 3. Right: IRIS SJ] observations of the same subregion shown in the left panel, at different times 
[see also (19) and figs. Sl and S2]. Times are in seconds from the start of the IRIS observations, 2013-11-09 12:04:16UT. 
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imaging and spectral observations of chromo- 
spheric and TR emission at high spatial, temporal, 
and spectral resolution. We analyze IRIS observa- 
tions of short-lived brightenings at the footpoints 
of hot dynamic loops (Figs. 1 and 2 and movies S1 
and S2), together with coronal observations from 
the Atmospheric Imaging Assembly (AIA) (/7) on- 
board the Solar Dynamics Observatory (SDO) (78). 
We couple the data analysis to advanced numer- 
ical modeling of impulsively heated loops, to 
diagnose the properties of the heating, the mech- 
anisms of energy transport, and the dynamic 
plasma processes. We show that the interac- 
tion of the lower atmosphere with nonthermal 
electrons accelerated in small (E < 10”° erg) heat- 
ing events can reproduce the IRIS observations. 

We observe footpoint brightenings in IRIS chro- 
mospheric and TR lines {e.g., MgII k 2796.4 A, 
CII 1335.78 A, Si IV 1402.77 A, formed around 
log Tmax (K)] ~ 4.0, 4.5, and 4.9, respectively; (19)}, 
as well as in upper TR lines with AIA [eg., 171 A, 
193 A passbands, which are mostly sensitive to 0.7 
to 1.5 MK emission; (19)]. The moss brightenings 
are clearly associated with heating of the overlying 
loops, which become brighter minutes later (movie 
$2). The brightenings show a typical duration of 
20 to 60 s (Fig. 2), and their intensity variations 
span more than two orders of magnitude, espe- 
cially for Si IV (Fig. 3 and figs. S2 and S3). For a 
few brightenings occurring at the location of the 
IRIS spectrograph slit, we also obtained far- 
ultraviolet (FUV) and near-ultraviolet (NUV) 
spectra. The Si IV spectra (Fig. 3) indicate that 
many of the brightenings are associated with 
modest upflows (blueshifts, i.e., v < 0) with typ- 
ical velocities of ~15 km/s. 

State-of-the-art physical models are necessary 
to interpret the observed spectral and temporal 
evolution of the chromospheric and TR plas- 
ma. We use the radiative hydrodynamic model 
(RADYN) (20, 27) of plasma confined in a loop, 
which includes non-local thermodynamic equi- 
librium (non-LTE) radiative transfer and also 
allows us to model heating by nonthermal elec- 
tron beams (19). We simulate the chromospheric 
and TR response to impulsive (10 to 30 s dura- 
tion) heating with total energy ~107* to 10° erg. 
As estimated from the observations (19), we assume 
the loop to be of half-length and cross section of 
10° cm and 5 x 10“ cm”, respectively, and initially 
of low coronal density {log [7. (em™)] ~ 7.5} and 
temperature {log (Tinax (K)] ~ 6}. We consider two 
different heating mechanisms: (i) a power-law dis- 
tribution of high-energy nonthermal particles, and 
ii) localized coronal heating without accelerated 
particles, resulting in thermal conduction as the 
primary mechanism of energy transport from 
the corona to the lower atmospheric layers. For 
the simulations with nonthermal electron beams, 
we explored the effects of the energy flux and of 
the low-energy cutoff value E, (19). 

The synthetic IRIS and AIA observable param- 
eters from the model show that the duration of 
the chromospheric and TR brightenings is gen- 
erally very similar to the duration of the heating 
event (Fig. 4) (19). Therefore, the temporal var- 
iability of the TR and chromospheric emission is 
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an excellent direct diagnostic of the temporal 
properties of the heating for short events. 

The observable that discriminates most effi- 
ciently between the beam-heating models and 
the conduction models is the Doppler shift in the 


Si IV emission. Models with beam heating gen- 
erally predict blueshifts in Si IV, with typical 
associated velocities analogous to the observed 
ones. The blue shifts are due to the energetic 
particles initially depositing a large fraction of 
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Fig. 4. Loop models with impulsive heating from nonthermal electron beams reproduce proper- 
ties of observed loop footpoint brightenings. We show synthetic IRIS and AIA emission from RADYN 
simulations with heating duration of 10 s, total energy Ey = 6 x 10™ erg, and energy cutoff E, equal to 10 keV 
(A), 12 keV (B), and 15 keV (C); (D) shows a model without accelerated particles. For each model, we 
show IRIS and AIA emission lightcurves (left), Si IV spectra versus time (middle), and, for beam models, 
the heating rate as a function of temperature and time (right; the dotted line marks the temperature of 
maximum formation of the Si IV line), due to the interaction of the energetic particles with the dense 
plasma in the lower atmosphere. 
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their energy in the chromosphere, locally heating 
it, with the subsequent pressure pulse triggering 
both upflows for the hotter plasma above this 
layer and downflows for the cooler plasma be- 
low. The depth of the layer where most of the 
beam energy is deposited depends sensitively on 
E,.(19, 22). In the absence of accelerated particles, 
thermal conduction transports the energy, orig- 
inally deposited in the corona, to the lower at- 
mosphere, and the TR and chromospheric plasma 
are pushed down, leading only to redshifted emis- 
sion in the initial impulsive phase. 

Therefore, the blueshifts observed in Si IV for 
many footpoint brightenings are incompatible 
with heating transported by thermal conduction 
or by Alfven waves (19, 23), but are compatible 
with beams of nonthermal electrons depositing 
energy directly in the chromosphere and lower 
transition region. 

The models with electron beams also naturally 
reproduce a larger range of brightening inten- 
sities observed in Mg II, Si IV, AIA 171 A, and 193 A. 
In particular, the Si IV emission is formed at 
heights where these nanoflare-sized beams nat- 
urally deposit most of their energy: Large bright- 
enings are observed when the combination of 
electron energy cutoff and total energy flux results 
in high densities at temperatures that contribute 
to the Si IV lines. In the conductive case, the 
brightenings in layers that range from the chro- 
mosphere to the upper TR are more tightly 
coupled, as they are produced as a direct con- 
sequence of the energy conducted down from 
the corona (19). In the beam-heating models, the 
heating of the lower chromospheric layers is par- 
tially decoupled from the heating of the higher 
TR layers, because nonthermal particles of dif- 
ferent energies will deposit energy in different 
layers. In the cases of a hard distribution (E, ~15 
to 20 keV), for the considered total energies (which 
are much lower than in larger flares), the energy 
is deposited in the low chromosphere and does 
not produce observable transient brightenings in 
the TR emission (79). Softer distributions with 
E. < 10 keV generally deposit much of their energy 
in the corona, thus leading to results analogous 
to heating by conduction (79). 

The combination of IRIS observations and 
modeling can thus provide a novel diagnostic of 
nonthermal particle heating in small coronal 
heating events or nanoflares. The high sensitivity 
of the TR emission to the beam parameters im- 
plies that IRIS observations help constrain the 
cutoff value FE. of the nonthermal electron dis- 
tribution. Determining £, from observations is 
critical to derive the nonthermal energy content 
(because most of the beam energy is found around 
£,) and to constrain mechanisms of particle ac- 
celeration (22, 24, 25). Hard x-ray observations 
are the main diagnostic tool to study nonthermal 
electron distributions (26), because the brems- 
strahlung process is well understood (27). How- 


ever, they are intrinsically limited in their ability 


1255724-4 


17 OCTOBER 2014 * VOL 346 ISSUE 6207 


to constrain E,, mainly because the thermal emis- 
sion typically dominates the emission at lower 
energies [<20 keV; (/3)]. Our IRIS spectral ob- 
servations of footpoint brightenings show that 
the heating occurs on small time scales (<30s), 
that each event is characterized by total energy of 
<10”° erg, and that E, ~10 keV. A few brightenings 
also show redshifts or no shifts and might be 
explained by either conduction or by beams with 
a low E, value (19). 

IRIS chromospheric and TR observations offer 
a unique opportunity to investigate nonthermal 
electron beams, as an alternative to hard x-ray 
observations. The IRIS beam diagnostics have 
higher sensitivity than hard-x-ray observations, 
allowing us to study nanoflare-size heating events 
at high spatial resolution and to constrain the 
low-energy tail of the beam distribution. System- 
atic studies of IRIS and AIA observations along- 
side numerical models will help determine the 
prevalence of beam heating in active regions, as 
well as its role in the energetics of nonflaring 
plasma. Our results are also relevant for space 
physics and astrophysics, where particle acceler- 
ation is thought to play a major role in many 
phenomena [e.g., (28—30)]. 
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Hot explosions in the cool 
atmosphere of the Sun 
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The solar atmosphere was traditionally represented with a simple one-dimensional model. 
Over the past few decades, this paradigm shifted for the chromosphere and corona 

that constitute the outer atmosphere, which is now considered a dynamic structured 
envelope. Recent observations by the Interface Region Imaging Spectrograph (IRIS) 
reveal that it is difficult to determine what is up and down, even in the cool 6000-kelvin 
photosphere just above the solar surface: This region hosts pockets of hot plasma 
transiently heated to almost 100,000 kelvin. The energy to heat and accelerate the plasma 
requires a considerable fraction of the energy from flares, the largest solar disruptions. 
These IRIS observations not only confirm that the photosphere is more complex than 
conventionally thought, but also provide insight into the energy conversion in the process 


of magnetic reconnection. 


he energy produced in the core of the Sun 

by the fusion of hydrogen into helium is 

transported toward the surface first by 

radiation and then by convection. The 

layer where the photons become free to 
escape defines the visible surface of the Sun. The 
atmosphere of the Sun above the surface was 
traditionally described as one-dimensionally strat- 
ified. Moving outward from the photosphere, 
the innermost layer, the temperature drops be- 
fore rising again slightly in the middle layer, 
the chromosphere. When the outgoing energy, 
which is transported by a heating mechanism 
that is not yet fully understood, can no longer be 
buffered by radiative loss and hydrogen ioniza- 
tion, the temperature rises steeply. This tran- 
sition marks the boundary of the corona, the 
outermost layer, which is brilliantly visible to the 
naked eye in a total solar eclipse. Semi-empirical 
models represent this simplified one-dimensional 
(1D) stratification well (7). However, more ad- 
vanced observations and models have established 
that the outer atmosphere (chromosphere and 
corona) is highly structured and dynamic (2-4). 
Modern models of the solar atmosphere also 
take into account its 3D dynamic nature (5-7). 
In the photosphere, these models deviate only 
mildly from the average temperature and den- 
sity stratification in the semi-empirical models, 
typically by a factor of 2 or less (8). In particular, 
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no evidence has been found so far, either in 
models or observations, for pockets of hot gas in 
the cool photosphere; that is, an inversion of 
the temperature structure. Here we exploit the 
extensive temperature coverage of the Interface 
Region Imaging Spectrograph (IRIS) spectra 
(9) to show that very marked deviations of the 
temperature structure exist, even in the dense 
(upper) photosphere: Small pockets of plasma 
that reach temperatures of almost 100,000 K 
appear to be embedded in the 4000-K (or cooler) 
photosphere. This finding has consequences for 
our understanding of the structure and ener- 
getics close to the solar surface and sheds new 
light on the conversion of magnetic energy into 
heat and flows in plasma physics in general. This 
underlines the value of the low solar atmosphere 
as a laboratory, in particular for partly ionized 
collisional plasmas. Such conditions are common 
in astrophysics, such as in molecular clouds or 
protoplanetary discs. 

The observations presented here concentrate 
on an emerging active region (see supplementary 
text S1). In such a region, new sunspots that host 
magnetic fields up to 0.3 T appear in the solar 
photosphere. The magnetic flux that emerges 
through the surface gives rise to magnetic activ- 
ity in which magnetic energy is converted into 
other forms, most noticeably internal energy (i.e., 
heating the plasma) and kinetic energy through 
the acceleration of plasma. This results in heat- 
ing and mass loading of coronal loop structures, 
which follow magnetic field lines. These can 
be seen in the emerging active region (Fig. 1) 
connecting regions of opposite magnetic po- 
larities. Small round brightenings are also visi- 
ble in a spectral line image (Si IV; Fig. 1A) that 
samples gas at ~80,000-K equilibrium temper- 
atures; these features are the pockets of hot gas 
in the cool photosphere. 

The temporal evolution in the IRIS slit-jaw 
images shows that these roundish features are 
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transient and have a lifetime of ~5 min. This is 
long enough for Si IV to reach ionization equi- 
librium (supplementary text S2). To some ex- 
tent, these brightenings share properties of 
Ellerman bombs (J0, 17), which manifest them- 
selves as brightenings in the wings of the Ha 
line at 6563 A and in ultraviolet continua (11). 
Ellerman bombs are found in emerging active 
regions and are believed to occur in the photo- 
sphere (72, 13) in response to reconnection (/4, 15), 
with no signature in coronal emission (above 
10° K) (16). Like Ellerman bombs, the events we 
report occur in regions on the surface where 
magnetic flux of opposite polarities converges 
and cancels (Fig. 1 and supplementary text S2). 
However, observations and models show that 
temperatures in Ellerman bombs are well below 
10,000 K (77-19), which is in contrast to the hot 
pockets we find. As yet, there are insufficient 
IRIS data overlapping with ground-based Ha 
measurements to determine whether the events 
we report here are identical to or different from 
the well-studied Ellerman bombs. Because of 
this missing observational link and the differ- 
ence in temperature, we refer to these simply as 
bombs (and in Fig. 1A, as bombs 1 to 4). 

The principal tool for analyzing the thermal 
structure of the upper atmosphere is spectroscopy 
at ultraviolet wavelengths, where IRIS provides 
unprecedented spatial, temporal, and spectral 
resolution. We first show an average spectrum for 
the quiet plage region surrounding the emerg- 
ing active region with the main lines of C II, Si 
IV, Fe XII, Cl I, O IV, and Mg II (Fig. 2; see sup- 
plementary text S1 and table S1 for a complete 
list of lines). The line profiles generally conform 
to a single Gaussian, where they form under op- 
tically thin conditions. The lines of Mg II (and, to 
a lesser degree, those of C IT) show self-absorption 
in the center due to large opacity. 

In contrast to the average spectrum, the spec- 
tra from the bombs are very peculiar—they are 
fundamentally different from any other indi- 
vidual spectrum from the active region and sur- 
rounding plage area outside the bomb regions 
(Fig. 3; other cases described in supplementary 
text S3). The line profiles of the Si IV doublets 
at 1394 and 1403 A are notable for their clear 
double-peaked appearance. The ratio of these 
lines under optically thin conditions should be 
2; here it is 1.95. Thus, the dip in the middle is 
not caused by self-absorption. The profiles there- 
fore indicate a bidirectional flow with a speed 
of about +75 km/s toward and away from the 
observer (corresponding to the Doppler shifts 
of the two components). This observation was 
acquired close to the center of the solar disk, 
which indicates a predominantly vertical bidi- 
rectional flow. 

The simple fact that Si IV is visible and re- 
mains visible for longer than the ionization and 
recombination times shows that the plasma is 
heated to (at least) ~80,000 K, the line-formation 
temperature of Si IV (supplementary text S2). 
Our IRIS observations reveal that absorption 
lines from singly ionized species (Fe II and Ni IT) 
are found in these Si IV profiles (Fig. 3). These 
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Fig. 1. Hot explo- 
sions, or bombs, in 
an emerging active 
region. Overview of the 
observations with IRIS 
and with other 
instruments providing 
context from the pho- 
tosphere into the 
corona. The field of 
view is 70 arcsec by 35 
arcsec. (A) The raster 
map in Si lV 1394 A 
(80,000 kK). The 
diamonds and the rec- 
tangle indicate the 
bomb locations. (B) 
IRIS 1400 A slit-jaw 
image dominated by Si 
IV. The vertical black 
line is the slit. (C) The 
line-of-sight magnetic 
field, Bigs, at the surface 
obtained with the 
Helioseismic and 
Magnetic Imager 
(HMI). The right panels 
show different chan- 
nels of the Atmo- 
spheric Imaging 
Assemb 


Fig. 2. Spectrum in 
the quiet Sun (QS) 
and plage area. This 
displays an average of 
the region surrounding 
the emerging active 
region, showing spec- 
tral lines covering 
temperatures from 
4000 to 80,000 K 
(region marked in fig. 
S1). The wavelength in 
each window is plotted 
in Doppler-shift units 
relative to the rest 
wavelength of the 
respective main target 
line (shown in bold). 
The Doppler-shift 
scale is the same in all 
panels. The vertical 
dotted lines indicate 
the rest wavelengths 
for the (main) spectral 
lines (see table S1). 
This spectrum is aver- 
aged over a total area 
of about 37 arcsec by 
110 arcsec and com- 
prises ~75,000 indi- 
vidual spectra. The 
spectral radiance is 
given in data numbers 
(DN) per pixel. 


spectral radiance [DN / pixel] 


normalized to the median intensity. A movie showing the temporal evolution over 20 min is available online (movie S1). 
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Fig. 3. Spectrum of a hot explosion. High-up and downward velocities and cool overlying plasma can be seen in the spectrum of bomb 1 (in a single 
spatial pixel in the middle of the diamond marked “1” in Fig. 1). Wavelengths and labeling are identical to those in Fig. 2. The thin red lines show a Si IV 
composite spectrum plotted over the C Il, Si IV, and Mg II lines (shifted to the respective rest wavelength and scaled in radiance to roughly match the C II 
and Mg II lines). The statistical errors in spectral radiance are 0.5 x (DN per pixel)!” in the far ultraviolet channels (top and middle row) and 0.24 x (DN 
per pixel)? in the near ultraviolet channel (bottom row). 


Fig. 4. Scenario for the 
hot explosions, or 
bombs. Cartoon of the 
bomb scenario. An 
undulating magnetic field 
line emerges, and the 
resulting U-loop gets 
dragged down. Being 
squeezed together, the 
magnetic field reconnects, 
and plasma is heated 
and accelerated deep in 
the atmosphere. The 
bidirectional outflow from 
the reconnection region 
causes the double-humped 
line profiles of Si IV, C Il, and 
Mg Il, whereas the cool 
material above (white 
hashed area) causes the 
absorption lines. 
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absorption features are typically blueshifted 
by ~5 km/s (table S1). The presence of absorp- 
tion features superimposed on emission lines 
implies that cool material is stacked on top of 
hot material. 

These observations are compatible with the 
following scenario (Fig. 4): Similar to another 
observationally motivated scenario (17) and 3D 
models for Ellerman bombs (/8, 19), serpentine 
magnetic field lines form in the process of flux 
emergence, which produce magnetic dips in the 
photosphere (20, 21). The corresponding oppo- 
site polarities at the bomb locations are clear 
(Fig. 1 and movie S1; see also supplementary 
text S2). The resulting U-loop is dragged down 
by the mass it accumulated (22, 23), and in the 
upper part of the U shape, the magnetic field 
reconnects. In response to the explosion caused 
by reconnection, the plasma in the photosphere 
is heated to almost 100,000 K, and a bidirec- 
tional flow channeled by the magnetic field is 
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initiated. A density analysis based on the IRIS 
observations of O IV and Si IV shows that the 
bombs form in the photosphere (supplementary 
text S4). The overlying (preexisting) cool chro- 
mosphere is slowly shifted upwards by the flux 
emergence (24, 25), which explains the slight 
blueshift of the absorption lines from the over- 
lying cool layer. In this scenario, the presence of 
hot dense pockets of gas deep in the atmosphere 
implies that the normal temperature stratifica- 
tion (hot transition region gas above the chro- 
mosphere) is turned upside down. Because the 
density in these bombs is so high, it might be that 
the ionization equilibrium is closer to a Saha- 
Boltzman local thermodynamic equilibrium. This 
would imply that the temperature in the bombs 
is lower than the 80,000 K quoted above. Further 
aspects of this scenario are discussed in supple- 
mentary text S3 and fig. $7. In supplementary 
text S5, we show that the absorption features 
indeed belong directly to the bombs. 

The similarity of the profiles of C II, Si IV, 
and Mg II in the bomb is marked. Normally, 
these lines show quite different shapes because 
of their different opacities and formation tem- 
peratures (Fig. 2). In the bombs, however, a Si 
IV composite spectrum plotted over the C II and 
Mg II spectra shows a surprisingly similar over- 
all shape (Fig. 3). Of course, C II and Mg II show 
strong self-absorption features in the line center. 
The self-absorption is slightly blueshifted because 
it originates from the overlying expanding chro- 
mosphere. But both the C II and the Mg II lines 
show a structure similar to Si IV farther away 
from the self-absorption center. Therefore, it is 
reasonable to assume that the plasma ejected in 
the explosion covers temperatures from 6000 to 
100,000 K. The high speeds exceeding 70 km/s 
are supersonic and close to or higher than the 
Alfvén speed. This supports the conclusion that 
we observe a multithermal reconnection outflow. 

Energy is needed to accelerate, heat, and io- 
nize the plasma when the bomb explodes. A 
rough estimate sets a lower limit for the re- 
quired energy at 10” J (= 10° ergs), which must 
be dumped within, at most, a couple of minutes 
(supplementary text S6). Thus, for the brightest 
of our bombs, the required energy exceeds es- 
timates for traditional Ellerman bombs by one 
order of magnitude or more (/7) and is a frac- 
tion of 0.1% to 1% of what is needed for a full- 
blown flare on the Sun that can reach up to 
10°” ergs (26, 27); therefore, the energy require- 
ments for the bombs are substantial. The mag- 
netic field strength near the surface in the 
regions where the bombs occur is almost 0.1 T, 
which means that drawing in the magnetic field 
from the surrounding volume and converting 
the magnetic energy in a reconnection process 
should deliver sufficient energy to power the 


bombs (19). 
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Because an observational link to Ellerman 
bombs could not be established yet, we cannot 
conclude if the bombs we report here are iden- 
tical or different to the well-studied Ellerman 
bombs. Either they are a new class of energy- 
release phenomena, or they change our view of 
Ellerman bombs by showing that these reach 
much higher temperatures. Given current energy 
estimations, both models and observations indi- 
cate temperature enhancements in Ellerman 
bombs of only a few thousand K (J6, 19). Both 
conclusions mean that we have to revise our 
understanding of the dynamics and structure of 
the photosphere because dense material deep in 
the 6000-K cool near-surface regions can be heated 
to almost 100,000 K within minutes, which cre- 
ates a temperature inversion in the solar atmo- 
sphere. Even modern 3D time-dependent models 
fail to predict energetic events in which the 
dense plasma is heated to such high temper- 
atures and accelerated to several times the speed 
of sound (19). These IRIS observations challenge 
our current view of the photospheric structure 
and dynamics and should stimulate further ob- 
servational and theoretical research to investi- 
gate this interesting phenomenon. 
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SOLAR PHYSICS 


On the prevalence of small-scale twist 
in the solar chromosphere and 


transition region 


B. De Pontieu,””* L. Rouppe van der Voort,” S. W. McIntosh,” T. M. D. Pereira,” 
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The solar chromosphere and transition region (TR) form an interface between the Sun’s 
surface and its hot outer atmosphere. There, most of the nonthermal energy that powers 
the solar atmosphere is transformed into heat, although the detailed mechanism remains 
elusive. High-resolution (0.33—arc second) observations with NASA's Interface Region 
Imaging Spectrograph (IRIS) reveal a chromosphere and TR that are replete with twist or 
torsional motions on sub—arc second scales, occurring in active regions, quiet Sun regions, 
and coronal holes alike. We coordinated observations with the Swedish 1-meter Solar 
Telescope (SST) to quantify these twisting motions and their association with rapid 
heating to at least TR temperatures. This view of the interface region provides insight into 


what heats the low solar atmosphere. 


he physical mechanism that is predominant- 

ly responsible for the heating of the solar 

outer atmosphere remains unknown. A var- 

iety of mechanisms are still under inves- 

tigation, the most important ones being 
dissipation of magnetic waves (J-#) or braiding 
and reconnection of magnetic fields and subse- 
quent energy release (5-7). One mechanism that 
has recently received attention is the effect of vor- 
ticity (8), assumed to be generated by magneto- 
convective motions at or below the surface, within 
the outer atmosphere. Theoretical models predict 
that vorticity may be a signature of reconnection 
or magnetic waves or may be associated with 
strong electrical currents, all of which can lead 
to substantial heating (8). However, observational 
support in the solar atmosphere for vortical mo- 
tions and associated heating has been (i) limited 
to the chromosphere, that is, lacking a heating 
component (9, 10); (ii) limited to quiet Sun re- 
gions (i.e., away from active regions) (J0); or (iii) 
isolated in incidence and on larger spatial scales 
(11, 12) than predicted by models (13, 14). 

We report observations of twisting or torsional 
motions that are much more prevalent than 
previously reported (12), permeate both the 
chromosphere and the transition region (TR) of 
the Sun, and sometimes appear to be associated 
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with vigorous heating of chromospheric plasma. 
We exploited the multithermal chromospheric 
(<20,000 K) and TR (20,000 to 80,000 K) cover- 
age of the high spatial (0.33 arc sec) and spectral 
(3 km/s per pixel) resolution near-ultraviolet and 
far-ultraviolet spectra and slit-jaw images (SJIs) 
taken with the 20-cm telescope on board the 
Interface Region Imaging Spectrograph (IRIS) 
(15), which was launched in June 2013. These data 
reveal the strong torsional motions (10 to 30 km/s) 
that imply significant twist in the chromospheric 
and TR magnetic field. 

We analyzed spectroheliograms, that is, raster 
scans in which the IRIS slit is scanned across 
the solar surface to build up a three-dimensional 
view (two spatial and one spectral dimension) 
in the Mg II h 2803-A and Si IV 1402-A spectral 
lines, which are formed, respectively, in the chro- 
mosphere (5000 to 15,000 K) and TR (80,000 K, 
under ionization equilibrium conditions) (72). 
From that data, we constructed dopplergrams 
(72), in which we subtracted the intensities in 
the blue- and red-shifted wings of a spectral line 
(at fixed offset velocities from the rest wavelength, 
e.g., +30 km/s). The dopplergrams reveal a large 
number of elongated looplike structures that con- 
tain regions of strongly blue- and red-shifted plas- 
ma that are in close proximity to one another 
and that are part of the same dynamic structure 
(Figs. 1 and 2, figs. S7 and S8, and movies S1 to S20). 
Most of the plasma imaged in these spectral lines 
occurs at heights where the magnetic field domi- 
nates the plasma dynamics (plasma 8 << 1) (15-19). 
Thus, the elongated structures most likely trace the 
magnetic field and the observed plasma motions 
are compatible with torsional flows, that is, flows 
along twisted magnetic field lines; alternative 
interpretations have been considered but deemed 
less likely (12). Figure 1 shows the ubiquity of 
these twisted features in active regions and quiet 
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Sun on the disk and at the limb. The prevalence 
of these twisted features is actually higher than 
observed here for several reasons (12). The tor- 
sional motions are only visible if the viewing 
angle is significantly inclined with respect to the 
magnetic field direction, which is not the case 
over the whole field of view. In addition, both 
field-aligned flows and the significant swaying 
motions in the solar atmosphere (2, 4, 10, 20) 
render it less likely to see the “ideal” blue-and- 
red appearance of a twisted feature. 

Despite these limitations, twist occurs through- 
out much of the field of view within a variety of 
structures (Figs. 1 and 2, figs. S7 and S8, and 
movies S5 to $21). In quiet Sun regions, many of 
these features appear to be spicules (20), rapidly 
evolving jets that appear to propel plasma up- 
ward and on which torsional motions have been 
reported before in chromospheric lines (J0, 27). 
However, the IRIS observations now reveal 
the heating associated with the twisting mo- 
tions (Fig. 1): The hotter Si IV emission occurs 
toward the tops of the spicules, both at the 
limb and more clearly on the disk (where there 
is less superposition). Moreover, IRIS now reveals 
prevalent twist also in active region loops that 
appear to be low-lying and highly dynamic, with 
both chromospheric and TR plasma involved 
in the torsional motions (Fig. 1B and movies 
S5 to S7 and S21). We also see twist in some of 
the small-scale loops that appear to continuously 
form in quiet Sun regions (22) and that are visi- 
ble at the limb. 

The amplitude of the torsional motions was 
estimated from a detailed study of the spectra 
across the twisted features. Several examples 
shown in Fig. 2 (and fig. S8) indicate that 
velocities of order 10 to 30 km/s (over a cross- 
field distance of 1 arc sec or less) appear to be 
typical, with one side of the feature more red- 
shifted and the other side more blue-shifted, 
leading to a tilted appearance in wavelength- 
space plots. Such tilted features are ubiquitous, 
especially toward the limb, where the view- 
ing angle combined with the mostly radial mag- 
netic field provide optimal visibility. There 
are indications that there may even be more 
locations with significant twist that are not 
resolved by IRIS. For example, many locations 
show spectra that do not appear to be tilted 
but are instead very broad. Such broad pro- 
files could also be caused by bidirectional field- 
aligned flows or other sources of nonthermal 
broadening, such as small-scale turbulence. Our 
observations suggest that at least a significant 
subset of these broad profiles is likely caused by 
torsional motions (72). 

The temporal and thermal evolution of these 
twisted features is brought to light more clearly 
with simultaneous IRIS SJIs (72) and rapid scans 
in the chromospheric Ha spectral line (Fig. 3) 
taken with the Crisp Imaging Spectropolari- 
meter Fabry-Pérot interferometer (23) at the 
SST (24). Chromospheric dopplergrams show 
that the twisted features are highly dynamic 
(Fig. 3 and movies S5 to S19) with evidence of 
rapid propagation of the torsional motions along 
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the features, typically 30 to 100 km/s (Fig. 4 
and fig. S6). This speed is compatible with the 
value expected for Alfvén waves in the upper 
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arc Sec 
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Fig. 1. Prevalence of twist in quiet Sun and active regions. Doppler- 
grams (A, C, and E) of the chromospheric (~10,000 kK) Mg Il h 2803-A line 
(at 30 km/s from line center) show a multitude of elongated features in 
which strongly red- and blue-shifted features are parallel and adjacent to 
each other. These features illustrate that twist is predominant: at the solar 
limb associated in so-called spicules [(A) and (E)] but also in active regions 
[(C) and around —250",—475" in (A)], both regions where the line of sight is 
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chromosphere and low TR. Typical time scales 
for the torsional motions are of the order of 1 min 
(Fig. 2, C and D) with short-lived excursions in 


the far blue and red wings of the Mg II h 2803-A 
line predominant in regions where the line of 
sight is more perpendicular to the magnetic field. 


arc SEC 


likely more perpendicular to the local magnetic field. Twist is often associated 
with significant brightening in the transition region (80,000 k), as illustrated 
with the Si IV 1403-A integrated brightness maps (B, D, and F). When looking 
straight down plage regions, the line of sight is aligned with the magnetic field, 
severely reducing or eliminating the visibility of twist. This is why the plage 
regions have been removed from the active-region dopplergram. See fig. S7 
for a larger field of view. 
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The torsional time scales stand in sharp contrast 
to the longer time scales (several minutes) and 
smaller line-of-sight velocities in plage regions 
(Fig. 2B), where the line of sight is more aligned 
with the magnetic field and the line profiles are 
dominated by magnetoacoustic shocks (25). 
SJIs taken with IRIS (Fig. 3 and movies S8 to 
$10) also show how the propagating torsional 
motions are often associated with bright, highly 


Fig. 2. Spatiotemporal 
properties of twist. 
Rapidly evolving 
twisting motions are 
apparent as short- 
lived, bright features in 
the blue and red wings 
(e.g., around +50 km/s) 
of the chromospheric 
Mg Il h 2803-A spectral 
line (C and D) in 
regions of inclined field 
[positions 2 and 3 
shown in (A), Si IV 
1403-A SJI]. These 
motions are in contrast 
to the acoustic shock— 
dominated spectral 
profiles (B) in position 
lin plage (where field 
and line of sight are 
more aligned, 
preventing visibility of 
twist) that evolve on 
time scales of several 


arc sec 


dynamic linear features (C II 1335 A and Si IV 
14.02 A); this emission indicates heating to at least 
TR temperatures (20,000 to 80,000 K). In quiet 
Sun regions, these SJI features appear to be the 
TR counterparts of so-called rapid-blue-shifted 
and rapid-red-shifted events in the chromosphere, 
the disk counterparts of spicules (26). Many of the 
TR features IRIS observes in quiet Sun regions 
are associated with twisted features, indicating 


Space [arcsec] 


that the heating we observed is substantial. Some 
of these events are also visible in coronal pass- 
bands (movie $7), although it is not yet clear how 
much plasma is heated to coronal temperatures 
in association with these heating events (12). 
Our observations of twist that permeates the 
chromosphere and the TR of the Sun expand on 
a picture that has recently emerged that draws 
together disparate observations of twist in the 
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minutes (25). The 
spatial pattern of the 
bright Si IV feature around -190", -207” [position 2 in (A)] is associated with short-lived twisting motions that are visible in Si IV [80,000 K (G)], in Mg II h 
[10,000 K (F)], and faintly in Ha [<10,000 K (E); see movies S5 to S7]. Velocities of order 50 km/s are reached in this twisting feature. Typical velocities 
are lower (10 to 30 km/s) with visibility in these various passbands variable; Mg II h showed excellent visibility in most cases. See supplementary 
materials for other examples (figs. S7 and S8) and movies S5 to S19 and S21. 


Fig. 3. Temporal 7 
evolution of twist and t=0 s 
associated heating. 
SST Ha dopplergrams 
at +46 km/s (bottom; 
black is blue-shifted; 
white is red-shifted) 
show how quickly 
chromospheric twist 
propagates along 
elongated features on 
time scales of less than 
1 min. Several of these 
twisted features are 
associated with TR 
signals (top) as 
observed with the IRIS 
SJls that are dominated 
by Si IV lines (~80,000 k). 
Movies S8 to S10 
provide further examples 
of the dynamic nature of 
the twist and associated 
heating. t indicates time. 
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solar atmosphere: in macrospicules (27, 28), ex- 
plosive events (28), spicules (70, 26), and so-called 
swirls (11, 12). The powerful combination of SST 
and IRIS observations indicate that, as higher 
spatial resolutions become available, the appar- 
ent prevalence of twist increases. In addition, the 
unique TR coverage of IRIS shows that the pres- 
ence of twist is not limited to the chromosphere, 
but extends into higher temperature regimes and 
indicates that substantial heating often occurs 
in twisted features. 

The occurrence of this twist and the associated 
heating likely has several causes. It seems pos- 
sible that the strong photospheric vortical flows 
that have been observed (29) and that occur in 
advanced numerical models (8) play an important 
role. In such models, the vortical flows are often 
associated with strong currents, and it thus seems 
plausible that significant heating could result. 
Some of the observed twist, for example, in the 
small-scale loops observed with IRIS (22), likely 
originates from twist in flux tubes that emerge 
into the atmosphere. Although more advanced 
modeling and further coronal observations are 
required, the observed heating is also compatible 
with recent numerical models that predict signif- 
icant chromospheric and coronal heating from 
dissipation of torsional Alfvén waves generated by 
very small-scale photospheric vortices (13, 14). The 
prevalent twist and associated heating are also 
compatible with dissipation of torsional modes 
that arise from resonant absorption of swaying 
motions on flux-tube-like features in the atmo- 
sphere (30).Last, torsional motions and heating 
could also be expected if they result from the re- 
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Fig. 4. Propagation speed of twisting motions near the limb. Chromospheric Ca || 8542-A 

dopplergrams at +25 km/s of twisted features (left) from high-cadence observations at the SST 

show rapid propagation (~30 to 100 km/s). These speeds are derived from time-distance plots 

(right) of the Doppler signal along the long axis of the features (red dashed line) and are consistent 

with Alfvén speeds at chromospheric heights. 


time ra 


of flux emergence (/6). Thus, detailed studies of 
the origin of twist and extent of the heating will 
open a new window on several proposed heating 
mechanisms for the lower solar atmosphere. Such 
studies should also help elucidate the impact of 
the ubiquitous propagation of small-scale twist 
on the helicity budget of the solar atmosphere, 
which may play a role in solar eruptions. 
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The unresolved fine structure 
resolved: IRIS observations of the 
solar transition region 


V. Hansteen,’* B. De Pontieu,”? M. Carlsson,’ J. Lemen,” A. Title,” P. Boerner,” 
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S. McKillop,” K. Reeves,” S. Saar,” P. Testa,” H. Tian,? C. Kankelborg,* S. Jaeggli,* 


L. Kleint,”? J. Martinez-Sykora”” 


The heating of the outer solar atmospheric layers, i.e., the transition region and corona, to 
high temperatures is a long-standing problem in solar (and stellar) physics. Solutions 
have been hampered by an incomplete understanding of the magnetically controlled 
structure of these regions. The high spatial and temporal resolution observations with 
the Interface Region Imaging Spectrograph (IRIS) at the solar limb reveal a plethora of 
short, low-lying loops or loop segments at transition-region temperatures that vary rapidly, 
on the time scales of minutes. We argue that the existence of these loops solves a 
long-standing observational mystery. At the same time, based on comparison with 
numerical models, this detection sheds light on a critical piece of the coronal heating puzzle. 


he outer solar atmosphere between the 
10* K chromosphere and the 10° K corona, 
the so-called transition region, has long 
puzzled solar physicists (7). It has been dif- 
ficult to reconcile measured intensities and 
motions, either directly observed or inferred from 
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spectra, with models of the energy and mass 
exchange between the cooler chromosphere and 
hot corona. For one, the observed intensities of 
lower transition-region lines are much greater 
than can be accounted for by thermal conduc- 
tive flux flowing back from the corona. Fur- 
thermore, lower transition-region lines show, 
on average, Doppler redshifts on the order of 
10 km/s (J), one-third the speed of sound. Based 
on indirect spectroscopic evidence from High- 
Resolution Telescope Spectrograph (HRTS) and 
Skylab spectra, it was already postulated in 1983 
that the dominant emission from lines formed 
in the transition region occurs in structures mag- 
netically isolated from the corona called the 
“unresolved fine structure” (UFS) (2-5). However, 
the following decades have not brought con- 
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sensus that the UFS has been directly observed, 
nor indeed that it contributes to an important 
extent to transition-region emission (6-10). As 
a result, our understanding of coronal heating 
has not advanced substantially. 

We exploit the high spatial and temporal res- 
olution of the recently launched Interface Re- 
gion Imaging Spectrograph (IRIS) satellite to 
reveal structures remarkably similar to those 
postulated to comprise the UFS. Images of the 
lower transition region at the solar limb with 
the IRIS slit-jaw camera (17) in the Si IV 1400 A 
filter or in the C II 1330 A filter invariably show 
bright low-lying loops or loop segments in quiet 
Sun regions (Fig. 1 and movies S1 and $2). In ad- 
dition to these bright structures, a much fainter 
component forms a background that extends 
up to 10 arcsec above the limb. The background 
includes a large number of linear structures, with 
properties similar to the well-known spicules 
observed from the ground in the Ho 656.3-nm 
line. Here, we concentrate on the brighter loop- 
shaped objects that appear to be magnetically 
isolated from the corona and are at transition- 
region temperatures. 

Viewing the same limb with the Solar Dynam- 
ics Observatory Atmospheric Imaging Assembly 
(SDO/AIA) instrument (72) in the 304 A channel 
(which is dominated by He II, at 100,000 K) and 
the coronal 171 A (Fe IX/X at ~10°) and 193 A (Fe 
XII at ~1.5 10° K) channels (73), we do not clearly 
observe UFS-related structures (Fig. 1 and movie 
$3). This is for two reasons: (i) the AIA spatial 
resolution is insufficient to resolve the structures 
discussed here, and (ii) bound-free absorption 
by neutral hydrogen and singly ionized helium 
renders the AIA opaque to extreme ultraviolet 
emission, thereby shielding the lower transition 
region and making the UFS nearly invisible. 

One of the most striking features of UFS loops 
is temporal variability. Isolated UFS loops light 


up, either partially or wholly, and show large 
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Fig. 1. IRIS Si IV 1400 A slit jaw images reveal highly dynamic, low-lying loops at transition-region temperatures. (A) UFS loops on the western 
solar limb. The slit is evident as a dark line near solar-x = 971 arcsec. (B) The same field of view is shown, but with SDO/AIA images: the coronal 171 A 
(blue) and 193 A (green) filters (movie S3 shows the same field of view, but with the AIA He II 304 A filter). The rapid evolution of the UFS in three RO!s is 
demonstrated in the small panels on the right side of the figure. The time of each exposure (hour:minute:second) is indicated at the top of the panels. 
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changes on scales down to the shortest cadence 
data inspected so far (every 4 s), examples of 
which are shown in region of interest (ROI) 2 and 
ROI 3 of Fig. 1. On the other hand, a system of 
loops, in which individual loops vary from ex- 


posure to exposure, can remain recognizable as a 
system over periods extending to several tens of 
minutes. The temporal evolution of the three re- 
gions of interest are shown in Fig. 1 (more loops 
are displayed in fig. S1). ROI 1 was observed with 
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Fig. 2. UFS loops are short, bright, and low-lying. Properties of 85 UFS loops taken from a limb 
observation data set: (A) apparent length of the visible loop segments, (B) projected full length along 
loop, (©) maximum height, and (D) median intensity of the visible loop segments. The intensity 
measured for the dimmer “spicular” background is shown with a dashed line. 
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Fig. 3. UFS loops display large, rapidly evolving Doppler shifts and nonthermal velocities. (A) The 
slit position along the limb (SJI 1400 A). (B) The corresponding spectral scans of the Si IV 1393 A line 
are shown as a function of position along the slit and as a function of time at the location of the UFS loop 
footpoint (D) located at 6.6 arcsec. In (B) and (D), the dashed white and orange lines show the locations 
of the footpoints. (©) The corresponding line profiles at these footpoint locations (540 s) are shown in 
solid and gold dashed curves, respectively. 
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a cadence of 54 s and is an example of a fairly long- 
lived “nest” of loops that remains active during 
the entire 40-min span that the observations lasted. 
Movies S1, S2, and S3 show these nests to be com- 
posed of many loops with more or less cospatial 
footpoints that light up and darken episodically. 

Fully formed loops are seldom seen. Rather, loops 
appear to be lit up in segments, with each seg- 
ment only being visible for roughly a minute. There 
is also a tendency for the UFS loops to appear to 
rise with time, as can be seen in ROI 2 (Fig. 1). 

We find that the UFS loops have a full length 
of 4 to 12 Mm (10° meters), a maximum height 
of 1 to 4.5 Mm with an average of 2.5 Mm, and a 
median intensity in data numbers per second of 
40 to 50 DN/s (Figs. 2) (74). This intensity is 
larger than the measured intensity of the back- 
ground “spicules”—longer nearly radial features— 
of 15 DN/s, which is also apparent from visual 
inspection of Fig. 1. Although the detailed fill- 
ing factor of either component is not well known 
(given the superposition at the limb and their 
limited visibility on the disk), it is clear that both 
resolved components have an important role in 
the lower transition-region emission, with the rel- 
ative contribution dependent on the local mag- 
netic field topology. 

By aligning the slit along the limb, IRIS also 
allows one to gather spectral data of the UFS 
(example in Fig. 3). The spectrum shows large 
excursions as a function of position along the 
loop, implying large plasma velocities, toward 
the red as well as toward the blue. We find extreme 
line profiles at the upper loop footpoint—the 
portion of the loop that meets the underlying 
atmosphere—during the entire 200-s lifetime of 
the UFS loop, with redward excursions of 70 to 
80 km/s. This is two to three times the speed of 
sound in a 80,000 to 100,000 K plasma. We 
observed the spectral properties of several UFS 
loops and find that such high velocities occur 
often, although not always. This indicates that 
the UFS loops are locations of episodic and 
violent heating. 

How can we put these observations into the 
context of coronal heating models and the struc- 
ture of the upper solar atmosphere? Models that 
assume most transition-region emission stems 
from loops connected to the corona, and there- 
fore whose temperature structure is maintained 
by thermal conduction, lead to predicted inten- 
sities much smaller than those observed. Alter- 
native models propose the existence of low-lying 
cool loops (15-17), but these static models cannot 
be reconciled with the highly dynamic loops 
we observe here. Guidance comes from three- 
dimensional (3D) modeling: Low-lying, episod- 
ically heated loops that seldom or never reach 
coronal temperatures naturally arise in 3D 
models and predict (J8—20) highly dynamic 
spectral lines originating in the lower transition 
region. Thus, several properties of UFS loops are 
remarkably similar to those found in recent re- 
alistic 3D models spanning the convection zone to 
the corona. 

The typical loop height of the brightest cool 
loops that spontaneously arise in 3D simulations 
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Fig. 4. Episodic structures with properties similar to UFS loops arise in advanced 3D numerical 
simulations. The synthetic line profile of the Si IV 1393 A line (top) and the corresponding synthetic 
intensity images of the solar limb (bottom) are shown. The dashed white line in the lower panel shows the 
location sampled for the synthetic spectrum. The resolution of the intensity images has been degraded to 
the IRIS spatial resolution of 0.33 arcsec. Movie S4 shows the temporal evolution of this simulation. 


(Fig. 4) is less than 4: Mm above the photosphere. 
The lifetime of individual “strands,” or loops, 
that maintain plasma in the temperature range 
required for emission in the Si IV line is a few 
hundred seconds or less. Both of these properties 
are very similar to what is observed. However, 
Doppler velocities measured at the origin of the 
line profile show line-of-sight velocities on the 
order of 20 to 30 km/s, which is less than that 
reported for our observations. 

Why do these loops form? Heating in the up- 
per chromosphere and corona will proceed along 
and be guided by the loop magnetic field. This 
could occur either through the dissipation of 
waves or through the dissipation of stresses built 
up as a result of footpoint motions (27). Whereas 
long loops lose energy through thermal conduc- 
tion, shorter loops are denser at their apices and 
will therefore lose energy efficiently through ra- 
diative losses, which scale as the density squared 
[e.g., (18, 19, 20)]. The cooling time of low-lying 
loops is short (a few minutes or less), and a re- 
duction in the heating rate ensures rapid cooling. 
At heights of 5 Mm or less above the photosphere, 
these models therefore predict short low-lying 
loops that are episodically heated to ~500,000 K 
or less. The loops cool rapidly thereafter rather 
than being heated to coronal temperatures. 

The discrepancy between observed and mod- 
eled velocities could be an indication that the 
models correctly predict the spatial distribu- 
tion and episodic nature of the heating in the 
corona, but the detailed nature of the heating 
mechanism may not be exactly reproduced. The 
spatial distribution of loops is largely independent 
of the heating mechanism and is instead set by 
the structure of the field. We thus expect low-lying 


SCIENCE sciencemag.org 


loops to occur in any realistic 3D model. How- 
ever, the temporal properties of the loop emission 
or Doppler velocities are a direct result of the 
heating process, and comparison of synthesized 
and observed data could validate a given model. 

What sets the low height of the observed 
loops? It is likely that these dynamic small-scale 
loops in the low solar atmosphere are associated 
with ubiquitous weak magnetic field in the solar 
photosphere (22-24). These continuously emerg- 
ing weak fields occur on granular scales, with 
opposite polarities separated by a few Mm. Our 
observations of the low loop heights and the some- 
times persistent “nests” of loops are fully com- 
patible with theoretical predictions. If such weak 
fields are present, they should form a multitude 
of dynamic low-lying loops (16), especially when 
they interact with the strong magnetic field in 
the quiet Sun network (25). The apparent rise of 
some of the observed loops is likely caused by the 
emergence of the loops into the atmosphere (26). 

Based on their properties, and in comparison 
with 3D models, we conclude that the short low- 
lying loops observed with IRIS constitute a set 
of low-lying magnetic structures whose plasma 
is episodically heated. The thermal properties 
of these loops are determined by their high 
density, which causes efficient radiative cool- 
ing and thus prevents the occurrence of coronal 
temperatures. Higher-lying loops are presum- 
ably heated in much the same way, but with 
radiative losses that are much less efficient at 
lower densities, and temperatures must rise to 
> 1 MK to balance heating with losses due to 
thermal conduction. By revealing the existence 
and properties of these previously unresolved 
fine-structured loops, we have obtained direct 


insight into the otherwise difficult to observe 
coronal heating mechanism. The episodic na- 
ture, height distribution, and high velocities of 
UFS loops provide strict constraints on recent 
3D models of the coronal heating problem. Fur- 
ther observations and more advanced modeling 
of these loops are critical for determining the 
relation between the topology of the magnetic 
field in the photosphere and vigorous heating in 
the outer atmosphere. 
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SKILL DEVELOPMENT 


Motor skill learning requires active 
central myelination 


Ian A. McKenzie,’* David Ohayon,'* Huiliang Li,’ Joana Paes de Faria,'{ Ben Emery,” 
Koujiro Tohyama,* William D. Richardson’ 


Myelin-forming oligodendrocytes (OLs) are formed continuously in the healthy adult brain. 
In this work, we study the function of these late-forming cells and the myelin they produce. 
Learning a new motor skill (such as juggling) alters the structure of the brain’s white 
matter, which contains many OLs, suggesting that late-born OLs might contribute to motor 
learning. Consistent with this idea, we show that production of newly formed OLs is briefly 
accelerated in mice that learn a new skill (running on a “complex wheel” with irregularly 


spaced rungs). By genetically manipulating the transcription factor myelin regulatory 
factor in OL precursors, we blocked production of new OLs during adulthood without 
affecting preexisting OLs or myelin. This prevented the mice from mastering the complex 
wheel. Thus, generation of new OLs and myelin is important for learning motor skills. 


yelin is the spirally wrapped cell mem- 

brane that surrounds and insulates axons 

in the central and peripheral nervous sys- 

tems (CNS and PNS, respectively). Myelin 

greatly increases the speed of electrical 
communication among neurons and, hence, the 
brain’s computational power. CNS myelin is syn- 
thesized by oligodendrocytes (OLs), the majority 
of which develop in the first 6 postnatal weeks in 
rodents, from proliferating OL precursors [(OPs), 
also known as NG2 glia] (/, 2). However, many 
OPs persist in the adult mouse CNS (~5% of all 
neural cells) and continue to divide and differen- 
tiate into myelinating OLs throughout life (7-3). 
For example, nearly 30% of OLs in the 8-month- 
old corpus callosum are formed after 8 weeks of 
age (2). What is the function of adult-born OLs 
and myelin? Magnetic resonance imaging (MRI) 
has detected changes in the structure of white 
matter in people trained in complex sensorimotor 
tasks such as playing the piano, juggling, or aba- 
cus use (4-6). Analogous MRI changes are ob- 
served in rats during motor training (7). The 
histological basis of the MRI change is not known, 
but one possibility is that newly generated myelin 
is laid down preferentially in circuits that are en- 
gaged during motor learning. Here we show that 
active myelination during adulthood is required 
for motor skill learning and that motor learning 
increases OL production. 
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Preventing adult myelination by 
conditional deletion of myelin 

regulatory factor 

Myelin regulatory factor (MyRF) is a transcrip- 
tion factor required in OLs to initiate and main- 
tain their myelination program (8-10). It is not 


Fig. 1. Deleting Myrf in OPs 
prevents new myelination. 
(A) Many YFP* (newly 
formed) cells accumulated 
1 month after tamoxifen 
treatment in the P-Myrf°/? 
corpus callosum, including 
Pdgfra*,CCl- OPs 
(arrowheads) and CCI", 
Pdgfra” OLs (arrows). In 
contrast, the P-Myrf~? 


expressed in OPs, in other CNS cells, or in Schwann 
cells, which myelinate PNS axons. We have a 
mouse line that carries a “floxed” allele of Myrf 
(10). By breeding (see supplementary mate- 
rials and methods), we obtained Myrf@“”” and 
Myrf 7°°F” littermates on a Pdgfra-CreER™: 
Rosa-YFP background (2, 11); we refer to these as 
P-Myrf (7 and P-Myrf 0°“, respectively. 
Administering tamoxifen induces Cre-mediated 
recombination, inactivating one or both alleles 
of Myrf in Pdgfra-expressing OPs while simul- 
taneously labeling the OPs with yellow fluores- 
cent protein (YFP) (see supplementary materials 
and methods). We refer to the tamoxifen-treated 
mice as P-Myrf “/? and P-Myrf “/”. Recom- 
bination at the My7f locus was confirmed by 
reverse transcription polymerase chain reaction 
(fig. S1). 

We inactivated Myrf in OPs by tamoxifen ad- 
ministration on postnatal day 60 (P60) or P90. 
Subsequently, we identified YFP* OPs and newly 
differentiated YFP* OLs by triple-immunolabeling 
with anti-YFP, anti-Pdgfra (for OPs), and the CCl 
monoclonal antibody (for OLs). In P-Myrf or) 
mice, YFP*,CC1*,Pdgfra” OLs accumulated in the 
anterior corpus callosum (beneath the motor cor- 
tex) after the administration of tamoxifen (post- 
tamoxifen) (arrows in Fig. 1A). In P-Myrf J mice, 
production of YFP*,CC1* OLs was decreased 
to ~10% of control (Fig. 1, Aand B); at 1 month 
post-tamoxifen, we counted 301 + 59 YFP*,CCI* 
cells/mm? in 20-m sections of P-My: */) corpus 


Pdgfra 


merge 


corpus callosum contained B D ., 4000 

ane aa mainly newly-generated OLS + E3000 ot 
gira se os £400 REKK eK Ow 

YFP* CC1* cells appeared = 5 2000) all OLs 

fragmented, presumably “300 4000:_—_——_.— 

because they are apoptotic > 200 all OPs 

(yellow arrow). (B) Numbers 200 — P-Myt(*") KE 

of YFP*,CCI* OLs in the + site Ze 150 

PMyt versus PMyrf“ 100 - 2% 1004 — Pemyrt(+4) 

corpus callosum (****P < = 0 fe) 50 — P-Myr ‘) 

0.0001). Error bars indicate i 0 4 2 3 0 4 2 3 


SEM. (C) Very few GFP* 
(newly formed) myelin 
sheaths are present in the 
P-Myrt ~?:Tau-mGFP 
corpus callosum 1 month 
post-tamoxifen relative to 
P-Myrf 7 siblings. Asterisk 
indicates third ventricle. 

(D) The number densities of 
Pdgfra* OPs or CC1*YFP™ 


months post-tamoxifen 


P-Myrf(* :Tau-mGFP 


months post-tamoxifen 


* 


P-Myrf(-/) :-Tau-mGFP 


(preexisting) OLs did not change between P60 and P150. Error bars indicate SEM. Scale bars: 50 um, 


(A) and (C). 
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callosum but only 33 + 7 cells/mm? in P-Myrf 7? 
(means + SEM; six fields of view in three sec- 
tions of three mice of each genotype). There 
was a comparable reduction in other regions 
of the P-Myrf‘/” brain, including the cere- 
bral cortex, striatum, midbrain, and cerebellum. 
In the motor cortex, for example, we counted 
123 + 15 YFP*,CC1* cells/mm? in P-Myrf @/? 
and 10 + 3 cells/mm? in P-Myrf/~. There 
was no recovery of OL production over at least 
3 months (Fig. 1B). Loss of newly formed OLs 
was confirmed visually using a different reporter 


P-Myrt (7) 


P-Myrf (+/) 


line, Tau-mGFP (GFP, green fluorescent protein), 
that expresses a membrane-bound green fluo- 
rescent protein, revealing whole-cell morphol- 
ogy including the myelin sheaths (3, 12). One 
month post-tamoxifen, P-Myrf’?:Tau-mGFP 
corpus callosum was almost devoid of GFP- 
positive myelin sheaths, in contrast to their 
Myrf“/> littermates, which had many (Fig. 1C). 

To quantify new OL production in P-Myrf/? 
versus P-Myrf’” mice, we administered 5-ethynyl- 
2'-deoxyuridine (EdU) to P60 mice for 1 week, 
after tamoxifen treatment. One month later, 5.7% + 


$10-Myrt (7) 


rotarod 
n 300, Pdgfra-CreER!2 
@ 
a 200 
£ 
g 100 — Mynt(*/) 
a — Myr) 


1 2s 4 5 


6 7 
weeks post-tamoxifen 


Sox10-CreER!2 


i 2 38 
weeks post-tamoxifen 


45 Sf 8 


Fig. 2. Deleting Myrf in OPs does not trigger demyelination. Tamoxifen was administered to P60 mice 
and, 5 weeks later, their brains were examined by Eri-C histochemistry (A to F) or electron microscopy 
(G to M). There was no visible loss of myelin in P-Myrf > [(A), (B), (G), and (H)] or P-Myrf “7 [(C), 
(D), (1), and (J)] brains, but there was marked demyelination in S10-Myrf [(E), (F), (K), and (L)]. In 
S10-Myrf > white matter, phagocytic cells containing membrane debris were present (M). Performance 
on an accelerating rotarod was not impaired in P-Myrf’> mice for at least 8 weeks post-tamoxifen 
compared with their P-Myrf “7 littermates (N), whereas S10-Myrf ? mice were seriously impaired after 
4 to 5 weeks (O). Error bars indicate SEM. *P < 0.05; ***P < 0.001; ****P < 0.0001. Scale bars: 2 mm, (A), 
(C), and (E); 1mm, (B), (D), and (F); 5 um, (G), (1), and (K); 1 um, (H), (J), and (L); and 2 wm (M). 
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0.7% of CC1* OLs in P-Myrf “> corpus callosum 
were positive for EdU (i.e., recently formed from 
cycling OPs), compared with only 0.20% + 0.07% 
in P-Myrf' / littermates (means + SEM; six fields, 
>250 OLs per field in three sections of three mice 
of each genotype) (fig. S2). Therefore, My7f was 
deleted in >90% of all OPs, whether or not they 
recombined the Rosa-YFP reporter. Over the same 
period, we detected no significant changes in the 
number density of Pdgfra* OPs or CC1",YFP” (ie., 
preexisting) OLs in P-Myrf° versus P-Myrf@’? 
corpus callosum (Fig. 1D). Therefore, our strategy 
prevents the formation of new OLs without af- 
fecting preexisting OLs. 


Preventing new OL production does not 
trigger demyelination 


Myelin histochemistry with Eriochrome cyanine 
(Life Technologies) showed that P-Myrf/? mice had 
normal-appearing white matter (Fig. 2, A and B), 
indistinguishable from their P-Myrf ” littermates 
(Fig. 2, C and D). In contrast, when Myrf?°"" 
was deleted conditionally in both OLs and OPs 
using Soxvl0-CreER™ mice [S10-Myrf 7 ~”] (see 
supplementary materials and methods and fig. 
$3), there was dramatic loss of myelin (Fig. 2, E 
and F). Electron microscopy (EM) revealed com- 
pact myelin sheaths in P-Myrf7” mice (Fig. 2, 
G and H) that were indistinguishable from 
P-Myrf @/ controls (Fig. 2, I and J), whereas 
S10-Myrf > mice were severely demyelinated 
(Fig. 2, K and L). Phagocytic cells (macrophages 
or activated microglia) containing cell debris 
were observed by EM in S10-Myrf’~ corpus 
callosum (34 cells counted in four fields from 
two P90 mice 5 weeks post-tamoxifen; mean cell 
density ~220 cells/mm?) (Fig. 2M); such cells 
were much less frequent in P-Myrf > (7 cells; 
~44 cells/mm”) or in P-Myrf“/? controls (10 cells; 
~55 cells/mm”). For comparison, the density of 
OPs in the healthy CNS is ~150 cells/mm?. There 
was no evidence of inflammation or blood-brain 
barrier breakdown marked by invasion of im- 
mune cells (e.g., neutrophils or T cells), loss of 
tight junctions between endothelial cells, or re- 
traction of astrocyte processes from blood vessels, 
even in the severely demyelinated S10-Myrf/? 
brain. 

Consistent with the myelin histology, P-Myrf 7? 
mice showed no outward signs of demyelination 
(e.g., tremors) and were indistinguishable from 
their P-Myrf “/” littermates on an accelerating 
rotarod, a test for motor coordination and ba- 
lance (Fig. 2N). In contrast, S10-Myrf “/” mice 
developed severe tremors around 1 month post- 
tamoxifen (movie S1), and their performance on 
the rotarod was seriously impaired (Fig. 20), 
similar to when Myrf deletion was targeted to 
mature OLs using Plp-CreER (9). 


The complex running wheel 


We assessed motor learning ability using a run- 
ning wheel with irregularly spaced rungs (“com- 
plex wheel”) (Fig. 3) (13, 14). Mice run on the wheel 
spontaneously and, when skilled, can run the 
equivalent of 5 to 7 km per night. When wild- 
type (WT) (C57B6/CBA hybrid) mice accustomed 
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to aregular wheel with equally spaced rungs are 
switched to the complex wheel, they experience 
great difficulty at first but persevere and after 
about a week can run as fast on the complex 
wheel as they can on the regular wheel (movies 
$2 and S3). High-speed filming reveals that on 
the regular wheel mice adopt a symmetrical 
“running walk” with an eight-gap stride, out of 
phase by four gaps left to right (75) (Fig. 3A). They 


bring their hindpaws up to the rung immediately 
behind their forepaws. On the complex wheel, 
they break step, adopting an asymmetrical gait 
with six- to nine-gap strides out of phase by two 
to six gaps between sides. A critical adaptation is 
that the mice bring their hindpaws forward to 
grasp the same rung as their forepaws (Fig. 3, B 
to E). Thus, their hindpaws always find a rung, 
whatever the pattern of gaps. They also prefer 


Fig. 3. Mice learn general strategies for coping with even rung spacing. (A) On the regular running 
wheel, WT mice place fore- and hindpaws on consecutive rungs while reaching forward with the con- 
tralateral forepaw. (B to E) On the complex wheel, they grasp the same rung with fore- and hindpaws (red 
dots), selecting rungs preceded by a one- or two-rung gap [e.g., (B) and (D)]. These strategies are trans- 
ferable to other rung patterns. (B) and (C) and (D) and (E) are consecutive video frames (240 frames/s). 


Fig. 4. Active CNS 
myelination is required 


rungs preceded by a one- or two-rung gap (Fig. 3, 
B to D); presumably, they reach forward into a 
gap and “pull back” to grasp the nearest rung, a 
second adaptation that is transferable to other 
rung patterns. Therefore, mice do not memorize 
specific stepping patterns but develop general 
strategies for running on wheels with unequal 
gaps; mastering one rung pattern primes them 
to master a different pattern more easily (fig. S4). 


Active myelination is required for 
motor skill learning 


Learning to run on the complex wheel presum- 
ably engages motor control circuits in addition 
to those required for normal symmetrical gait, 
involving the basal ganglia, cerebellum, motor 
cortex, and connecting pathways including the 
corpus callosum, but independent of the hippo- 
campus (16-18). We introduced P-Myrf> and 
P-Myrf“’~ littermates (mixed C57B6/CBA/129 
background, predominantly C57B6; see supple- 
mentary materials and methods) to the complex 
wheel 3 weeks after tamoxifen treatment beginning 
on P60 (four experiments) or P90 (one experi- 
ment) (Fig. 4, A and B). The P90 experiment is 


for motor skill learning. tam fow: 
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Also see fig. S6. 
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shown (Fig. 4, C to F). Both cohorts improved 
their performance during the first week on the 
complex wheel, but the daily average and max- 
imum speeds attained by the P-Myrf* ad group 
were always less than their P-Myrf’” siblings 
(Fig. 4, C and D). Time spent turning the wheel 
>1 m/min was the same for both genotypes, 
arguing against a difference in motivation (Fig. 
4E). Individual performances varied widely, and 
there was substantial overlap between geno- 
types (Fig. 4F). Pooled data for all five experi- 
ments confirmed significant differences in the 
average speeds attained by P-Myrf’~ versus 
P-Myrf ” animals (Fig. 4G), as well as their 
individual performances (Fig. 4H) [P = 0.0063, 
Kolgomorov-Smirnov (K-S) nonparametric test; 
n = 32 and 36 mice, respectively]. One-third (12 
of 36) of P-Myrf “/~ mice ran further in 1 week 
than the best-performing of their P-Myrf/? 
counterparts (Fig. 4H). High-speed filming showed 
that P-Myrf‘’ mice ran less rhythmically and 
sometimes appeared to propel the wheel with 
their rear ankle or lower leg rather than their 
hindpaw (movies S4 and S5). The average speeds 
of P-Myrf“/? mice (on the seventh day) had an 
approximately normal distribution (P = 0.2, K-S 
test), whereas the average speeds of P-Myrf~? 
mice were bimodal and skewed toward lower 
speeds (different distributions, P = 0.007) (Fig. 41), 
possibly reflecting multistage learning (Fig. 3). 
The maximum speed distribution of P-Myrf 7”? 
mice was also shifted to lower speeds (P < 0.0001) 
(Fig. 4J). When retested 1 month later, the dif- 


ference between P-Myrf’? and P-Myrf °/” 
animals persisted (fig. S4). There were no sig- 
nificant differences between males and females 
(fig. S5). 


Active myelination is not required to 
recall a prelearned skill 


Despite the lack of a general locomotor defect on 
the rotarod, Myrf deletion could have caused 
some subtle neural or physical impairment un- 
related to learning. To control for this, we in- 
troduced P60 P-Myrf @"" and P-Myrf (/"” 
littermates to the complex wheel before tamox- 
ifen treatment (Fig. 4K). As expected, the two 
cohorts were indistinguishable before tamoxifen 
(Fig. 4L and fig. S6). We administered tamoxifen, 
housed the mice singly for 3 weeks without a 
wheel, and then reintroduced them to the 
complex wheel (Fig. 4K). Both P-Myrf “/? and 
P-Myrf' Cf) groups were immediately able to run 
at speed (Fig. 4L and fig. S6). We conclude that 
(i) P-Myrf' “/? mice are inherently able to run at 
speed on the complex wheel (i.e., they are phys- 
ically capable) and (ii) myelin formation is not 
required to perform a prelearned skill. 


Running stimulates OP proliferation 
and OL production 


To relate motor learning to cell dynamics, we 
introduced P60 WT mice to the complex wheel 
while administering EdU via their drinking 
water, and we counted EdU* cells in the corpus 
callosum after various periods. At 4 days, there 
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was a transient increase (~40%, P = 0.006, n = 4) 
in the fraction of Pdgfra* OPs that was EdU- 
labeled (“labeling index”) in runners relative to 
control mice housed without a wheel, indicating 
that running had accelerated the G,-to-S transi- 
tion (Fig. 5A). This was followed 2 days later by 
a spike in the absolute number of Pdgfra* OPs 
as they completed the cell cycle (~40% increase, 
P = 0.04, n = 3) (Fig. 5B), then 5 days after that 
(11 days running) by an increase (~40%, P = 0.003, 
n = 8) in the number of EdU*,Pdgfra™ cells—a 
mixture of CCl* and CCT OLs (Fig. 5C). At 11 days, 
almost all (94% + 4%) EdU* cells were Sox10* 
OL lineage cells. After 3 weeks, there were many 
newly formed EdU*,CC1* OLs in control animals 
housed without a wheel, as expected (2, 3), but 
a ~50% greater number of those cells in run- 
ners (Fig. 5D). 

The transient increase in EdU labeling index 
was not observed a second time when the com- 
plex wheel was removed from the cage and rein- 
troduced 1 week later (Fig. 5, E and F), suggesting 
that it was triggered by novel experience (e.g., 
learning), not exercise per se. OP division and 
differentiation was increased by running on the 
regular wheel (fig. S7) as well as the complex 
wheel, suggesting that the region of corpus 
callosum we examined is involved in skills com- 
mon to both (e.g., grasping or general bilateral 
coordination). 

The cellular events described above occurred 
on a similar time scale as the improvement in 
running performance and, together with our data 
from Myrf knockout mice, support an impor- 
tant role for newly formed OLs in motor skill 
acquisition. How might new myelinating cells 
contribute to skill learning? It is likely that new 
neuronal connections are formed, or existing 
connections strengthened, in response to repet- 
itive firing of neural circuits that elicit a partic- 
ular sequence of movements (78). The increased 
activity in these circuits might then stimulate 
myelination of their axons, or myelin remodeling, 
making the circuit more efficient. There might 
even be a reserve of preformed, parallel circuits 
in the brain, and motor training selects the best 
of these by stimulating myelination in the most 
active circuits. The fact that most axons in the 
mouse corpus callosum and cerebral cortex re- 
main incompletely myelinated into adulthood 
could be consistent with this idea (19, 20). The 
existence of an activity-driven myelination mech- 
anism has been postulated, based on the fact that 
OPs express various neurotransmitter receptors, 
form synapses with naked axons, and display 
transmembrane ion currents in response to ac- 
tion potentials in the axons that they contact 
(21-25). There is evidence that activity or expe- 
rience can regulate OP division and differentia- 
tion in vivo [(26-32) and this paper] and also MRI 
evidence of structural changes in the white matter 
of individuals learning sensorimotor skills (4-7), 
undertaking working memory training (33), or 
learning a second language (34). We have now 
provided experimental evidence that OL genesis 
and myelin formation are important for motor 
learning and, therefore, are likely to contribute 
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to the changes observed by MRI. Future exper- 
iments can assess whether new myelinating cells 
are required for other types of learning as well. 
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PLANETARY GEOLOGY 


Constraints on Mimas’ interior from 
Cassini ISS libration measurements 


R. Tajeddine,’”** N. Rambaux,”* V. Lainey,” S. Charnoz,* A. Richard,” 


A. Rivoldini,” B. Noyelles® 


Like our Moon, the majority of the solar system's satellites are locked in a 1:1 spin-orbit 
resonance; on average, these satellites show the same face toward the planet at a 

constant rotation rate equal to the satellite’s orbital rate. In addition to the uniform rotational 
motion, physical librations (oscillations about an equilibrium) also occur. The librations may 
contain signatures of the satellite’s internal properties. Using stereophotogrammetry on 
Cassini Image Science Subsystem (ISS) images, we measured longitudinal physical forced 
librations of Saturn’s moon Mimas. Our measurements confirm all the libration amplitudes 
calculated from the orbital dynamics, with one exception. This amplitude depends mainly on 
Mimas’ internal structure and has an observed value of twice the predicted one, assuming 
hydrostatic equilibrium. After considering various possible interior models of Mimas, we argue 
that the satellite has either a large nonhydrostatic interior, or a hydrostatic one with an 


internal ocean beneath a thick icy shell. 


mong Saturn’s inner main moons, Mimas 

is the smallest (radius ~198 km) and closest 

to the planet (semimajor axis ~189,000 km). 

Along with Enceladus, Tethys, Dione, and 

Rhea, it is classified as a mid-sized icy moon; 
the origin of these moons is still being debated. 
The classical model describes their formation by 
accretion in the protoplanetary subnebula (7-6) 
or by collision between two large satellites and 
reaccretion of the impact ejecta (7, 8), but does 
not explain the satellites’ masses, sizes, and ra- 
dial locations. A new model reconciles these pa- 
rameters by forming the satellites in the rings 
(9-11). However, this model assumes that the 
primordial rings were massive and contained 
silicate; furthermore, Saturn must have been 
tidally very dissipative (12) to move all the mid- 
sized moons to their current locations. 

We measured Mimas’ forced librations using 
Cassini’s ISS Narrow Angle Camera (NAC) im- 
ages, using methods previously applied to Phobos 
(13, 14), to gain insights into Mimas’ interior. The 
measurements of rotational parameters have been 
proven to be a powerful tool to investigate the 
interior state of celestial bodies (75). The absence 
of evident geological activity on Mimas’ surface 
(16) suggests that it may have a cold interior that 
may have helped in conserving a “fossil” record 


‘Department of Astronomy, Cornell University, Ithaca, NY 
4853, USA. *IMCCE-Observatoire de Paris, UMR 8028 du 
CNRS, UPMC, Université Lille 1, 77 Av. Denfert-Rochereau, 
75014 Paris, France. *Université Pierre et Marie Curie, 
UPMC - Paris VI, 4 Place Jussieu, 75005 Paris, France. 
‘Laboratoire AIM, UMR 7158, Université Paris Diderot/CEA 
RFU/CNRS, Centre de I’Orme les Merisiers, 91191 
Gif-sur-Yvette Cedex, France. Royal Observatory of Belgium, 
Avenue Circulaire 3, B-1180 Brussels, Belgium. "Department 
of Mathematics and Namur Center for Complex Systems, 
Université de Namur, 5000 Namur, Belgium. 
*Corresponding author. E-mail: tajeddine@astro.cornell.edu 


of structures within its interior. This encouraged 
us to investigate Mimas’ rotational variations, 
which are directly linked to its internal structure 
and may inform us about its origin. 

First, we developed a control point network 
across Mimas’ surface by applying the method of 
stereophotogrammetry, where (X, Y, Z) coordi- 
nates of a surface point in the satellite’s frame are 
projected in an image as sample (7) and line (y) 
coordinates in pixels. For the 3D reconstruction, 
each point has been observed at least twice and 
from two different viewing angles (17). After se- 
lecting recognizable landmarks from Mimas’ map 
(18), a least-squares method was applied compar- 
ing the (X, Y, Z) coordinates of each projected 
point in the image to the observed ones. From 
this, a topographic map of 260 surface points 
was built (Fig. 1A), based on 2135 point measure- 
ments from 40 Cassini images with resolutions 
ranging from 360 to 1450 m per pixel (see table 
$2 for a full list of images). The mean uncertain- 
ties on a point’s coordinates are estimated as 
+599 m, +731 m, and +395 m on_X, Y, and Z co- 
ordinates, respectively. To test our method, we 
rebuilt and confirmed the satellite’s triaxial shape 
using these points (17, 19). 

In the photogrammetric reconstruction meth- 
od described above, a rotational model of Mimas 
is used (17). The better this model describes 
Mimas’ rotation, the smaller the x? errors from 
the topographic reconstruction. Hence, we re- 
peatedly built Mimas’ control point network by 
varying its forced libration amplitudes and phases 
until the total value of x? was minimized. The 
measurements (Table 1) (17) confirm all the theo- 
retical values (20) except for the amplitude cor- 
responding to the 0.945-day period, which is 
almost twice the predicted one (Fig. 1B). The 
uncertainty on this libration amplitude has been 
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estimated by adding Gaussian noise (taking into 
account all the sources of error) to the control 
points, and by repeatedly measuring the libra- 
tion amplitude (Fig. 1C) (17). The final value of 
the libration amplitude (Table 1) is the result 
of a Gaussian fit to the histogram. Here, all 
the sources of error were considered random; 
by accounting for systematic errors, the highest 
value of uncertainty on the libration amplitude 
for the 0.945-day signal is ~1.5 arc min (/7). 

The mathematical expression for the physical 
forced libration is 


Hi; 
y = & ——,, £05(@,t + £2; 1 
So femye coat tos) (1) 
where w; and @; are the ith libration frequency 
and phase, respectively (17, 21). H; depends on 
the satellite’s orbital dynamics and @ is the 
system’s free libration frequency, which for a 


solid body can be written, to the first order in 
eccentricity, as 


tip 2% 3(=3") 2) 


where A, B, and C are the satellite’s principal 
moments of inertia and 7 is the satellite’s mean 
motion. When the ratio (@,/a)" is non-negligible 
in front of 1, the libration amplitude is dominated 
by the satellite’s internal structure (27). Otherwise, 
the libration amplitude depends mainly on its 
orbital dynamics. The periods in Table 1 are the 
outcome of Mimas’ orbital dynamics, creating ef- 
fects of the longitudinal librations through Saturn’s 
external gravitational torque. The strongest libra- 
tion periods of ~70 and ~23 years are created by the 
Mimas-Tethys mean motion resonance. The pe- 
riod of 0.945 days is the anomalistic orbital period 


Fig. 1. Mimas’ control A 
point network and 
libration measurement. 
(A) A map of the used 
control point network of 
Mimas, where size rep- 
resents the number of 
times a point has been 
observed. The map has 
poor coverage at low 
longitudes but good 
coverage around the 
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area. (B) A plot of the g 
non-normalized total 7 
(obtained from the map 
reconstruction) as a 
function of the libration 
amplitude of the period, 
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one data point in sample Cc 120 r 
and one in line. However, 
this plot is the result of 
only one fit. (©) Histo- 
gram of 600 solutions 
for the libration ampli- 
tude, when adding 1o (of 
the estimated uncertain- 
ties on points) of Gaus- 
sian noise to the control 
points’ positions. The 
Gaussian fit to the histo- 
gram gives the final 
solution for the libration 46 47 
amplitude (with its esti- 

mated uncertainty) as 

shown in Table 1. 
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(perigee to perigee), which is slightly longer than 
the orbital period of 0.942 days; it is due to the 
precession of the pericenter, and the last three pe- 
riods are directly linked to the precession of Mimas’ 
pericenter. Using a triaxiality of (B - A)/C = 
0.06 (22), the only amplitude that depends on 
the interior is the one with a period of 0.945 days 
(Table 1), which has been computed (20) as- 
suming that Mimas is in hydrostatic equilibrium. 
The measured libration amplitude of 50.3 + 1 arc 
min corresponds to a solid Mimas of triaxiality 
(B -A)/C = 0.091 + 0.001, which is surprisingly high. 

To better understand such a large measured 
libration amplitude, we investigated five possible 
interior models of Mimas (17) to assess whether 
they could reproduce the observed libration: a 
homogeneous distribution of mass, a two-layer 
body in hydrostatic equilibrium, a mass anomaly 
under crater Herschel, a nonhydrostatic core, and 
an internal ocean. The results show that the cases 
of a homogeneous and a two-layer equilibrium 
body (17) can be discarded because the libration 
amplitude for these models is much smaller that 
our measured value (between 25.5 and 29 arc min). 

Herschel, the largest crater on Mimas, is located 
at a longitude of 111.76°W, near Mimas’ equator, 
and is 140 km wide and 10 km deep. The missing 
material from the impact basin modifies the satel- 
lite’s moments of inertia. Moreover, as a consequence 
of the impact, a large subsurface mass anomaly 
could have formed below the crater. As in analyses 
of the effect of the Stickney crater on the libration 
of Phobos (23, 24), we computed Mimas’ libration 
amplitude by considering the presence of a large 
volume with porosity up to 45% (25) at depths as 
much as 70 km under Herschel (7). The effect of 
the basin increases the libration amplitude by 
~1arc min, which is not enough to explain the 
observed libration amplitude. On the other hand, 
the macroporosity increases the libration ampli- 
tude up to 46 arc min, for which the mass anom- 
aly is so big that (if currently present) it would 
cause a reorientation of Mimas about the polar 
axis by 8° Such reorientation is inconsistent with 
the present-day location of Herschel. 

We also tested a model of Mimas with a non- 
hydrostatic shaped core. Any change in the core’s 
shape must maintain the configuration of the 
satellite’s principal moments of inertia where A < 
B < C. This can only be done by increasing the 
core’s axis @,, yielding a decrease in the b, and/or 
Cc, axes in order to conserve the core’s total mass. 
In this model, we varied the densities of the shell 
and the core between 700 kg/m? and 950 kg/m? 
and between 1200 kg/m? and 3300 kg/m°, re- 
spectively. Our calculations show that in order to 
explain the observed libration, the core should be 
elongated (compared to an equivalent model in 
hydrostatic equilibrium), between 20 and 60 km, 
on each side of the core’s longest axis, increasing 
proportionally with the shell and core densities 
(7). Our calculations show that the suggested 
excess in topography for a silicate body such as 
Mimas’ suggested core is supportable (77). Al- 
though this interior model seems simplistic (as 
an unlimited number of models with core de- 
formations could be developed), it quantifies the 
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required excess in the core’s topography in order 
to explain the high libration amplitude. One ques- 
tion is whether such core should have effects 
on the satellite’s global shape. Assuming that the 
shell is fully relaxed (which may not be neces- 
sarily the case), the effect of the core’s shape on 
the global geoid (17) is not consistent with the 
satellite’s observed shape (19). The mean offsets 
to the observations are about 2 km, -1.5 km, and 
-1.4km in a, b, and c axes, respectively. Hence, the 
satellite should be more elongated. In fact, any 
anomaly in Mimas interior should ultimately have 
an effect on Mimas’ global geoid. However, in the 
models we developed, the densities in the layers 
were assumed constant. A low-gravity body like 
Mimas could generate and maintain large porosity 
in both ice and silicates. Large lateral variations in 
density could result, which may not correlate with 
the surface topography. In fact, it has been argued 
(26) that small bodies like Enceladus or Mimas 
may retain oddly shaped cores as a result of their 
original accretion and collisional evolution. 

For a body with an internal global ocean, the 
calculation of the libration amplitude depends 
mainly on the shell thickness. It depends to a lesser 
extent on the core-shell couplings and periodic 
tidal deformation (27, 28) that decrease the sat- 
ellite’s libration amplitude (77). An ocean at 24 km 


below a viscoelastic shell (assuming a Maxwell 
rheology), or at 31 km below a rigid shell, is in 
agreement with the observed libration amplitude 
(Fig. 2). We considered two end-member cases 
for the viscosity of water ice. The low viscosity val- 
ue of 10” Pa-s induces the largest deformations 
and with it the strongest reduction of the libration 
amplitude. In contrast, for the high viscosity value 
of 107" Pa:s, the deformations are small and the li- 
bration amplitude is close to the rigid case. There- 
fore, the ice layer has a thickness between 24 km 
and 31 km, depending on the value of the viscosity. 

The ocean hypothesis sounds unlikely because, 
contrary to the findings on Enceladus, Mimas’ 
heavily cratered surface has shown no evidence 
of liquid water, thermal heating, or geological 
activities. Radiogenic heating alone could not 
sustain such an ocean, because the heat produced 
by the core escapes through the satellite’s icy 
shell and any ocean would freeze very quickly. 
One explanation could be found in Mimas’ high 
eccentricity (~0.02), whose origin remains unex- 
plained and may have been higher in the past. As 
a consequence, an ocean could have been formed 
and sustained by tidal heating. 

We tested only few possible interior models in 
this work in an attempt to explain the observed 
libration amplitude, and many others could be 


Table 1. Comparison of the measured forced libration’s amplitudes and phases to theoretical 
ones (19). The phases corresponding to signals at 225.04, 22702, and 223.09 days have not been 
measured because of their close periods and low amplitudes. The last column shows how the libration 
amplitude depends on the satellite's internal structure. All amplitudes here are positive, and the phase of 
the 0.945-day libration is out of phase by tr with respect to the forcing one. 


Period Theoretical Measured Theoretical Measured 
(days) amplitude amplitude phase at J2000 phase at J2000 (a/ao) 
(arc min) (arc min) (deg) (deg) 
25772.62 2616.6 2631.6 + 3.0 51.35 52.9+0.9 7x 10° 
8590.87 43.26 44.5+11 -25.91 -18 +3.2 6x 10° 
0.945 26.07 50.3 + 1.0 101.35 107.7 +0.8 5.52 

225.04 782 75+08 -15774 — 9x 10° 
227.02 3.65 2.9+0.9 -119.03 — 9x10° 
223.09 3.53 3.3+08 -16.31 — 9x 10° 

Fig. 2. Libration 100 


amplitude (7,) as a 

function of the icy 

shell thickness (h) 80 
for Mimas with a sub- 
surface global ocean. 
The solid line repre- 
sents a model with 
rigid solid layers, pres- 
sure, and internal grav- 
itational coupling. The 
dashed line represents 
the same model that 
includes viscoelastic 
deformations. Horizon- 
tal lines represent 


60 


40 
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lo range of the 
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developed. Among those that we suggested, only 
two are consistent with our observations: a non- 
hydrostatic core and a subsurface ocean. An 
ocean could have plausible explanations. How- 
ever, the discrimination between the suggested 
models could be done by mapping of Mimas’ 
gravity field that could reveal any possible mass 
anomalies, measuring the tidal dissipation in 
Mimas using Cassini’s accurate astrometry (29), or 
measuring the heat flux at its surface. In any case, 
the measurement of the physical forced librations 
using Cassini ISS images shows surprising evidence 
that Mimas is more complex than we thought. 
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LAB ASTROPHYSICS 


Laboratory formation of a scaled 
protostellar jet by coaligned poloidal 


magnetic field 


B. Albertazzi,’”?° A. Ciardi,?* M. Nakatsutsumi,’ T. Vinci,! J. Béard,” R. Bonito,®” 

J. Billette,” M. Borghesi,®? Z. Burkley,’ S. N. Chen,’ T. E. Cowan,’?™ 

T. Herrmannsd6rfer,” D. P. Higginson,’ F. Kroll,’°™ S. A. Pikuz,’””* K. Naughton,® 
L. Romagnani,' C. Riconda,'* G. Revet,! R. Riquier,?”” H.-P. Schlenvoigt," 

I. Yu. Skobelev,!? A.Ya. Faenov,”'* A. Soloviev,’” M. Huarte-Espinosa,!®’® A. Frank,!® 


O. Portugall,” H. Pépin,” J. Fuchs??”* 


Although bipolar jets are seen emerging from a wide variety of astrophysical systems, the issue 
of their formation and morphology beyond their launching is still under study. Our scaled 
laboratory experiments, representative of young stellar object outflows, reveal that stable and 
narrow collimation of the entire flow can result from the presence of a poloidal magnetic field 
whose strength is consistent with observations. The laboratory plasma becomes focused with 
an interior cavity. This gives rise to a standing conical shock from which the jet emerges. 
Following simulations of the process at the full astrophysical scale, we conclude that it can also 
explain recently discovered x-ray emission features observed in low-density regions at the base 
of protostellar jets, such as the well-studied jet HH 154. 


arrow bipolar jets are often spectacular 
and are commonly observed in the uni- 
verse along the axis of rotation of varied 
objects, such as young stellar objects (YSOs) 
surrounded by an accretion disk. Jets are 
also thought to play a key role in the evolution of 
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these objects. Hence, understanding their forma- 
tion is key to understanding the mass, energy, and 
angular momentum redistribution between the 
dense core and the parent cloud. Once formed, 
these jets can continue ballistically over large 
distances (J). However, it is important to know 
how the narrow jet forms and what its charac- 
teristics are. The accepted standard model (2, 3) 
of matter extraction and launching involves a po- 
loidal magnetic field anchored in the disk. Here, 
poloidal means generally axial with respect to 
the jet flow, as opposed to the toroidal compo- 
nent that winds around the jet. In the model, 
matter is magneto-centrifugally accelerated into 
wide-angle conical winds (4). As the magnetic 
field lines become twisted by the inertia of the 
initially corotating plasma, the toroidal compo- 
nent of the magnetic field leads to self-collimation 
of the wind. Nonetheless, this process alone can- 
not explain collimation of the flow into narrow, 
jetlike form. First, self-collimation cannot ac- 
count for the confinement of the whole outflow 
structure. Indeed, the winds in these models 
formally extend to infinity and cannot explain 
the observed jet widths (5). Furthermore, jets 
dominated by a toroidal magnetic field are 
prone to current and pressure-driven instabil- 
ities, which can disrupt the jet (6). Efforts to im- 
prove the model have led to studies of truncated 
disk winds where, to collimate the flow, the whole 
outflow structure has to rely on the thermal pres- 
sure of a surrounding medium (7), the presence 
of which has yet to be established. 
Alternatively, outflow confinement by a large- 
scale poloidal magnetic field (8) has been ex- 
plored in numerical simulations (9). Although 
evidence for such fields near the jet source is 
mostly indirect so far (JO), they are well estab- 
lished on larger scales (12) and observed to be 
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aligned (within ~35°) with the bipolar outflow 
axes of YSOs. These earlier numerical studies 
showed that such poloidal fields could convert 
ejected matter from being weakly collimated 
to streamlined. However, the simulations lacked 
a proper treatment of plasma cooling and were 
constrained by computing limitations to sim- 
ulate the flow over only small distances from 
the source. More recently, we revisited the po- 
loidal confinement scenario using large-scale, 
high-resolution three-dimensional (3D) magneto- 
hydrodynamic (MHD) simulations (12), which 
included cooling, and we showed that the whole 
outflow could be constrained. Notably, we pre- 
dicted a particular morphology for the out- 
flow with a shock-bounded cavity followed by 
a narrow jet. Such a mechanism does not ex- 
clude magneto-centrifugal self-collimation: Even 
if poloidal collimation can act on its own, it can 
also be complementary to self-collimation by sta- 
bilizing and further collimating the jets produced 
by the latter. 

We report here on scaled laboratory experi- 
ments that exploit coupling of a high-amplitude 
and large-scale magnetic field to high-velocity 
plasma flows, to create conditions representative 
of a YSO. Our measurements conclusively dem- 
onstrate that stable jets can indeed be collimated 
from a wide-angle star/disk wind embedded 
in a coaligned, large-scale poloidal magnetic 
field. This is notably obtained without having 
to rely on the collimation by an external me- 
dium. We also show that the stable collima- 
tion of the whole flow into a narrow jet can be 
obtained even in the case of an angular offset 
(up to 40°) between the magnetic field and 
the outflow axis. The transition (Fig. 1A) from 
a divergent to a narrowly collimated flow re- 
sults from the plasma being redirected toward 
the axis by a shock structure, which is induced 
by the compression of the magnetic field lines 
under the action of the expanding plasma. Con- 
sequently, a standing conical shock feature forms 
at the converging point where the plasma be- 
comes reheated. We performed full-scale astrophys- 
ical simulations of an isotropic wind embedded 
in a large-scale magnetic field under conditions 
typical of YSOs, which appear consistent with 
the laboratory observations. By calculating the 
x-ray emission from the simulated plasma, we 
determine that the shock-focused region gen- 
erates an x-ray source whose luminosity and 
location are in agreement with the Chandra ob- 
servations of the puzzling x-ray emission from 
HH 154, one of the best-studied astrophysical jets 
emerging from a YSO (13). 

The laboratory plasma, mimicking a YSO flow, 
is produced by short (0.5-ns), high-power laser 
irradiation of massive solid (plastic) targets (see 
methods). The plasma is a highly conductive and 
superfast-magnetosonic flow. The plasma is ther- 
mally launched from a region on the target on 
the order of the laser spot diameter (0.75 mm), 
and this wide-angle flow is, as it is in a YSO, ini- 
tially dominated by its kinetic energy. The scaling 
between the laboratory plasma and a YSO out- 
flow allows us also to scale a time span of 20 ns 
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in the laboratory to an equivalent ~6 years in 
the natural environment, during which it prop- 
agates over ~600 astronomical units (AU). Hence, 
even over short time scales (<100 ns), the exper- 
iment has the ability to sample the stationary 
morphology of an astrophysical outflow. To- 
roidal magnetic fields, which are self-generated 
in the plasma outflow owing to crossed density 
and temperature gradients (14), have a low am- 
plitude in our study, because of the low laser in- 
tensity that we used (see methods). At the same 
time, they are limited to zones close (<0.5 mm) 
to the target surface and thus are not able to 
confine the flow beyond that (Fig. 1D): The plas- 
ma then freely expands at a wide angle. In short, 
this experimental configuration mimics well the 
expansion of one hemisphere of a naturally occur- 
ring YSO spherical wind that emerges at large 
distances from the disk, where acceleration is 
complete and gravitational effects are unimportant. 

A steady (i.e., with duration >5 us) and ho- 
mogeneous axial magnetic field can be applied 
to the laboratory plasma (see methods). The mag- 
netic field extends over a large volume (3 cm in 
length and 1 cm in diameter) with a strength of 
up to 0.4 MG (J5). The plasma flow in this case 
is well approximated by ideal MHD (J6), en- 
suring its relevance as a scaled astrophysical 
plasma. Indeed, the dimensionless Reynolds (Re), 
magnetic Reynolds (ReM), and Peclet (Pe) num- 
bers are much larger than unity (Re ~ 10* to 10°; 
ReM ~50; Pe ~ 3 to 5). This implies that the ad- 
vective transport of momentum, magnetic field, 
and thermal energy dominates over diffusive trans- 
port, as expected in a YSO outflow. The strength 
of the magnetic field in which the plasma is 
embedded is much larger than in the astrophys- 
ical environment (on the order of milligauss) 
(10), to compensate for the shortness of the 
space and the time scales of the experiment. This 
means that the ratio of the plasma’s kinetic ram 
pressure to magnetic pressure will transition 
from >>I1 to <<1 over a few millimeters, while it 
does the same over a few tens of astronomical 
units in a YSO. 

The typical morphology of our laboratory plas- 
ma, when applying the axial magnetic field to 
it, is shown in Fig. 1B. We present a measure- 
ment of the integrated electron density along 
the line of sight of the expanding plasma ob- 
tained through transverse optical laser probing. 
The axial magnetic field has a profound effect 
on the collimation of the laser-produced plasma 
flow, thus leading to the emergence of a nar- 
row jet with an aspect ratio of >10 that is main- 
tained over the entire homogeneous magnetic 
field region with little variation in density. Such 
tight collimation is also observed when imaging 
the x-ray emission in the kilo-electronvolt range 
originating from the plasma (see methods) and 
is in excellent agreement with our earlier MHD 
numerical investigations (72). We emphasize that 
even laser experiments specifically designed to 
produce jets from radiatively cooled, unmagne- 
tized plasmas do not exhibit such morphology 
and have in fact much lower aspect ratios (17-19). 
The mechanism leading to the tight magnetic 
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collimation of the plasma plume is illustrated 
in Fig. 1, C and D. We also present 3D resistive 
MHD numerical simulations using the param- 
eters of the experiment (Fig. 2; see methods). 
When the laboratory plasma expands in the 
presence of a magnetic field (Fig. 1C), one clearly 


observes the formation of a converging cavity 
with an outer shell of higher electron density. 
We stress that neither the cavity nor the jet is 
observed when no magnetic field is applied 
(Fig. 1D). The formation of this shell is the con- 
sequence of the accumulation and heating of 
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Fig. 1. Laboratory demonstration of jet formation by axial magnetic field. (A) Cartoon of the 
experiment and of the jet-formation mechanism. (B) Integrated plasma density measured 20 ns 
after the laser irradiation (from the right) of a plastic (CH) target (left) immersed in the z-oriented 
[see (A)] 0.2-MG magnetic field. Four images obtained with different target positions are used [see 
(F)]. Shaded areas indicate linear interpolation in between observed sections of the jet (in the middle 
section, flow gradients, converging on the left and diverging on the right, indicate the presence of a 
refocusing intermediate point). (© and D) Abel inverted density maps (the color map applies to both 
images) with (C) and without (D) a magnetic field; and (E) profiles [along the dashed lines shown in 
(C) and (D)] show the cavity region, and plasma convergence on-axis that is induced by the 
magnetic field. The error bars in (E) represent the difference in the plasma density retrieved by Abel 
inversion from the upper and lower measured phase maps (see methods). (F) Target and magnetic 
field arrangement used in the experiment. 
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plasma in a fast-mode oblique shock generated 
by the external magnetic field halting the radial 
expansion of the flow. Because the plasma is of 
high temperature and has a superfast-magnetosonic 
expansion speed (200 to 500 km/s, similar to the 
outflow velocity measured in YSO), the magnet- 
ic field lines are bent and compressed past this 
shocked envelope (Fig. 2). 

The expanding plasma from the target is re- 
fracted across this oblique shock and slides along 


the walls of the cavity, which has been curved 
toward the axis by the magnetic forces. When 
the flow reaches a convergence point, it stag- 
nates and forms a conical shock, which focuses 
the flow along the polar axis and generates a 
narrow jet ahead of the convergence point. This 
convergence of plasma toward the axis (at z 
~3 mm) is visible in the experimental images 
(Fig. 1, B and C), and our simulations reveal that 
the plasma becomes heated to ~70 eV by this 
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Fig. 2. Three-dimensional MHD modeling of the experiment. The maps show two snapshots [(A) 
10 ns and (B) 20 ns from the end of the laser pulse] of the density (logio p in g cm”) of the carbon 
plasma along the x-z plane. The arrows represent velocity vectors, and the lines represent the magnetic 
field. The black contour line shows plasma heated to a temperature above 70 eV. 
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shock. When applying the external magnetic 
field, substantial plasma heating (compared to 
what is observed in the freely expanding plasma) 
is also seen by our spectrally resolved diagnostic 
that images the x-ray emission (see methods) (20). 
This mechanism of jet formation is similar to 
astrophysical models of hydrodynamic collima- 
tion of a wind by the inertia of a dense, torus- 
like circumstellar envelope (27). However, we 
demonstrate here that it can operate even in the 
absence of a surrounding medium. 

The overall jet-formation process illustrated 
here for a particular set of laser and target con- 
ditions was repeatable and effective over a wide 
variety of different experimental conditions. The 
jets were always found to be in agreement with 
MHD modeling, hence validating the physical 
mechanism described above. Notably, when the 
laser intensity on the target was increased, we could 
increase the kinetic pressure at the target sur- 
face. This produced a wider cavity and moved 
the shock convergence region further away along 
the jet axis. Similarly, we could also move the 
distance of the shock with respect to the plasma 
source by varying the magnetic field strength. 
Contrary to what takes place in the experiment, 
if the deposition of energy was continuous, the 
location of the shock convergence region of the 
jet would be stationary. Finally, when we tilted the 
target and likewise the axis of the plasma expan- 
sion with respect to the magnetic field axis, we 
still observed the cavity formation and plasma 
focusing on-axis, even for angular offsets up to 
40°, showing that the mechanism is robust. 

We find the same morphology of the wind 
tightly focusing into a convergence point and 
forming a jet in the same direction in full-scale 


(see methods) from the simulated plasma of (A) (counts/s in each pixel with size of 1 AU). (C) X-ray emission image of HH154 as detected by the 
Chandra telescope. The color map ranges from white (no emission) to red. The stationary emission feature that is the brightest zone in the image, and 
that is located ~60 to 80 AU away from the star (located by the red dot at the tip of the green arrow), has a luminosity and a distance to the source that is 
consistent with the simulated bright region located at 70 AU in (B). 
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astrophysical simulations (Fig. 3A; see methods), 
performed with mass-ejection rates (22) and 
magnetic field strengths (10) typical of YSOs. 
We further verified that the range of density 
and temperature conditions found along the 
jet implies that the material within covers the 
full range of ionization fraction, with most of 
the jet part being only weakly ionized, con- 
sistent with observations (23). We see the prin- 
cipal dynamics and features of the laboratory 
flows also in the simulation results, which sup- 
port the scalability of the laboratory experiment. 
We varied the wind and field parameters exten- 
sively with detailed numerical simulations to 
verify that the poloidal-field-induced jet colli- 
mation mechanism was a very robust process. 

An interesting outcome of our study is that 
typical YSOs should then have a stationary re- 
gion of shock-heated plasma that forms within 
a few tens to 100 AU from the wind source (see 
Fig. 3A). This numerical prediction can be directly 
compared to the analysis of observations made 
over more than one decade using x-ray satellites 
that have revealed (see Fig. 3C) bright sources of 
stationary x-ray emission zones located at the 
base of jets (~100 AU from the source) emerging 
from a YSO (24-26) and distinct from it. They have 
not been explained so far by self-collimation mod- 
els of jet formation but are still consistent with 
the process revealed here (Fig. 3B). 

We have therefore proposed a simple and plau- 
sible scenario for the collimation of a narrow 
stable jet past its launching phase (J, 2) that is 
consistent with recent astrophysical observa- 
tions (10, 24, 25). In addition to helping to ad- 
vance the understanding of jet-core interaction in 
YSOs, our work enables studying and/or modeling 
important aspects of jet physics in the labora- 
tory. These include, e.g., transverse instabilities 
that can affect the jet structure, or episodic 
ejections, i.e., multicomponent and time-dependent 
interacting winds, which can be easily simulated 
in the laboratory by using multiple laser pulses 
separated by a few nanoseconds. Producing such 
magnetized narrow plasma columns and letting 
them strike a solid will also uniquely allow the 
study of plasma dynamics in accretion columns 
in young stars; that is, one can model magnetic 
arches that are loaded with disk material that 
free-falls toward the star. Beyond these aspects, 
adapting the present experimental work to other 
configurations will permit advances in resolving 
pending questions about a wide range of astro- 
physical and plasma physics systems where mag- 
netic fields are thought to play an important role. 
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Loss-induced suppression and 


revival of lasing 


B. Peng,’ §. K. Ozdemir,’*} S. Rotter,” H. Yilmaz,! M. Liertzer,” F. Monifi,' 


C. M. Bender,’ F. Nori,*”* L. Yang'+ 


Controlling and reversing the effects of loss are major challenges in optical systems. 

For lasers, losses need to be overcome by a sufficient amount of gain to reach the lasing 
threshold. In this work, we show how to turn losses into gain by steering the parameters of 
a system to the vicinity of an exceptional point (EP), which occurs when the eigenvalues 
and the corresponding eigenstates of a system coalesce. In our system of coupled 
microresonators, EPs are manifested as the loss-induced suppression and revival of lasing. 
Below a critical value, adding loss annihilates an existing Raman laser. Beyond this 
critical threshold, lasing recovers despite the increasing loss, in stark contrast to what would 
be expected from conventional laser theory. Our results exemplify the counterintuitive 
features of EPs and present an innovative method for reversing the effect of loss. 


issipation is ubiquitous in nature; the 
states of essentially all physical systems 
thus have a finite decay time. A proper de- 
scription of this situation requires a depar- 
ture from conventional Hermitian models 
with real eigenvalues and orthogonal eigenstates 
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to non-Hermitian models featuring complex eigen- 
values and nonorthogonal eigenstates (1-3). When 
tuning the parameters of such a dissipative sys- 
tem, its complex eigenvalues and the correspond- 
ing eigenstates may coalesce, giving rise to a 
non-Hermitian degeneracy, also called an excep- 
tional point (EP) (4). The presence of such an EP 
has a dramatic effect on the system, leading to 
nontrivial physics with interesting counter- 
intuitive features such as resonance trapping (5), 
a mode exchange when encircling an EP (6), and 
a singular topology in the parameter landscape 
(7). These characteristics can control the flow of 
light in optical devices with both loss and gain. 
In particular, waveguides with parity-time sym- 
metry (8), where loss and gain are balanced, have 
attracted enormous attention (9, 10), with effects 


sciencemag.org SCIENCE 


such as loss-induced transparency (11), unidirec- 
tional invisibility (72), and reflectionless scat- 
tering (13, 14) having already been observed. 
Theoretical work indicates that EPs give rise to 
many more intriguing effects when they occur 
near the lasing regime; for example, enhance- 
ment of the laser linewidth (15, 16), fast self- 
pulsations (75), and a pump-induced lasing death 
(17). Realizing such anomalous phenomena, how- 
ever, requires moving from waveguides to resona- 
tors, which can trap and amplify light resonantly 
beyond the lasing threshold. With the availa- 
bility of such devices (18, 19), we discuss here 
the most counterintuitive aspect, namely, that 
close to an exceptional point, lasing should be 
inducible solely by adding loss to a resonator. 
Our experimental system (20) consists of two 
directly coupled silica whispering-gallery-mode 
resonators (WGMRs), uR, and Rs, each coupled 
to a different fiber-taper, WG1 and WG2 (Fig. 1A 
and supplementary text S1). The resonance fre- 
quencies of the WGMRs were tuned to be the 
same via the thermo-optic effect, and a control- 
lable coupling strength « was achieved between 
the WGMRs by adjusting the interresonator dis- 
tance. To observe its behavior in the vicinity of 
an EP, the system was steered parametrically 
via « and an additional loss y,;,, induced on tR» 
by a chromium (Cr)-coated silica-nanofiber tip 
(Fig. 1, B and C), which features strong absorp- 
tion in the 1550-nm band. The strength of y4;, 
was increased by enlarging the volume of the 
nanotip within the uR, mode field, resulting in a 
broadened resonance linewidth with no obser- 
vable change in resonance frequency (Fig. 1D). A 
small fraction of the scattered light from the 
nanotip coupled back into uR, in the counter- 
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propagating (backward) direction and led to a 
resonance peak whose linewidth broadened as 
the loss increased (Fig. 1E). The resonance peak 
in the backward direction was ~1/10* of the in- 
put field, confirming that the linewidth broad- 
ening and the decrease of the resonance depth in 
the forward direction were due to ¥,, via absorp- 
tion and scattering losses, but not due to back- 
scattering into the resonator. 

In the first set of experiments, WG2 was 
moved away from uR, to eliminate the coupling 
between them. We investigated the evolution 
of the eigenfrequencies and the transmission 
spectra T;_,2 from input port 1 to output port 2 
by continuously increasing y,;, while keeping « 
fixed. In this configuration, losses experienced 
by wR; and Ro were yy = y+ Yq and yy = 
Yot+ Ytip» Where y. is the WG1-1R; coupling 
loss, and y, and y, include material absorption, 
scattering, and radiation losses of uR; and uRo. 
The coupling between the WGMRs led to the 
formation of two supermodes with complex ei- 
genfrequencies w; = Wo — 7x + B whose real and 
imaginary parts are respectively denoted by w‘, 
and w” (20). Here, o is the resonance frequency 
of the solitary WGMRs; x = (yj + y))/4andT = 
(vi-Y5)/4, respectively, quantify the total loss 
and the loss contrast of the WGMRs; and B = 
/«2-I” reflects the transition between the strong 
and the weak intermode coupling regimes due 
to an interplay of the interresonator coupling 
strength « and the loss contrast [ (supplemen- 
tary text S1). In the strong-coupling regime, quan- 
tified by x > |I| and real B, the supermodes had 
different resonance frequencies (mode splitting 
of 2B) but the same linewidths quantified by y. 
This was reflected as two spectrally separated res- 
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onance modes in 7}_,9 [Fig. 2A (i)] and in the 
corresponding eigenfrequencies [Fig. 2B (i)]. Be- 
cause our system satisfied y, + y. > Yo, intro- 
ducing yyy to uRy increased the amount of 
splitting until y; + Yo) = Yo + Yup (that is, yj = 5) 
was satisfied [Fig. 2, A (ii) and B (ii)]. Increasing 
Ytip beyond this point gradually led to an overlap 
of the supermode resonances [Fig. 2A (iii)], such 
as to necessitate a fit to a theoretical model to 
extract the complex resonance parameters (sup- 
plementary text S1 and S2) (20). At yi) = Yip 
where « = |I'|, the supermodes coalesced at the 
EP. With a further increase of y,;,, the system 
entered the weak-coupling regime, quantified by 
« < |I| and imaginary B, which led to two su- 
permodes with the same resonance frequency but 
different linewidths [Fig. 2, A (iv) and B (iv)]. The 
resulting resonance trajectories in the complex 
plane clearly displayed a reversal of eigenvalue 
evolution (Fig. 2B): The real parts of the eigen- 
frequencies of the system approached each other 
while their imaginary parts remained equal until 
the EP. After passing the EP, their imaginary parts 
were repelled, which resulted in an increasing im- 
aginary part for one of the eigenfrequencies and a 
decreasing imaginary part for the other. As a result, 
one of the modes became less lossy, whereas the 
other became more lossy (supplementary text S4). 

By repeating the experiments for different « 
and ¥jp, we obtained the eigenfrequency sur- 
faces +(«, y5), whose real and imaginary parts 
are shown in Fig. 2, C and D. The resulting sur- 
faces exhibit a complex square root-function 
topology with the special feature that a coales- 
cence of the eigenfrequencies can be realized by 
varying either « or ¥;;, alone, which leads to a 
continuous thread of EPs along what may be 


C 


200 um 


Fig. 1. Coupled WGM microresonators and the 
effect of loss. (A) Illustration of the coupled res- 
onators wR; and wR with the fiber-taper couplers 
WGI and W@2. (B) Optical microscope image of the 
resonators with WG1 and the Cr nanotip. ain, input 
field at WG1; a; and ao, rotating intracavity fields of 
uR; and wRe. (©) Scanning electron microscope 
image of the Cr nanotip. (D and E) Transmission 
spectra in the forward (D) and backward (E) 
direction. 
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called an exceptional line. As expected, the slope 
of this line is such that stronger « requires higher 
Ytip to reach the EP (supplementary text S4). 


Fig. 2. Evolution of the transmission spectra 
and the eigenfrequencies as a function of loss 
‘Ytip and interresonator coupling strength «. (A) 
Transmission spectra Tj.2 showing the effect of 
loss on the supermodes. Blue and red curves 
denote the experimental data and the best fit using 
a theoretical model (Supplementary text Sl and 
S2), respectively. (B) Evolution of the eigenfre- 
quencies of the supermodes in the complex plane 
aS Ytip Was increased. Open circles and squares are 
the eigenfrequencies estimated from the measured 
T1.2. Dashed red and blue lines denote the best 
theoretical fit to the experimental data. (C and D) 
Eigenfrequency surfaces in the (,y2) parameter 
space (supplementary text S4). 


Fig. 3. Loss-induced enhancement of intracav- 
ity field intensities and thermal nonlinearity in 
the vicinity of an exceptional point. (A and B) 
Intracavity field intensities of the resonators at w; 
(blue, /; of wRy; green, /2 of wR2; red, total /7) for (A) 
case 1 and (B) case 2. Normalization was done with 
respect to the total intensity at yi) = 0. a.u., 
arbitrary units. (C) Total intracavity field intensities 
ly at eigenfrequencies wz (black) and wo (red) for 
case 1 (see supplementary text S5 for case 2). 
Normalization was done with respect to the 
intensity at the EP. (D) Effect of loss on nonlinear 
thermal response of coupled resonators (supple- 
mentary text S8): (i) solitary resonator, (ii) coupled 
resonators with Yip = O, and (iii and iv) coupled 
resonators with increasing ytip (20). Circles in (A) 
to (C) and squares in (C) were calculated from 
experimentally obtained transmissions Ty,2 and 
Ty,4, whereas solid and dashed curves are from 
the theoretical model (supplementary text S1 
to S3). 
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Our second set of experiments was designed to 
elucidate the effect of the EP on the intracavity 
field intensities. For this we used both WGI and 
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W@G2, introducing an additional coupling loss y,5 
to wR» (that is, yy = Yo + Ytip + Yeo). We tested 
two different cases by choosing different mode 
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pairs in the resonators (20). In case 1, the mode 
in wR, had a higher loss than the mode in pRy 
(v1 + Ya > Yo + Yeq)3 in case 2, the mode in Re 
had ahigher loss (y; + Yer < Yo + Yeg). The system 
was adjusted so that two spectrally separated 
supermodes were observed in the transmission 
spectra 7)_,. and 7;_,4 as resonance dipped and 
peaked (supplementary text S3). No resonance 
dip or peak was observed at port 3. Using experi- 
mentally obtained T;_,. and 7;_,4, we estimated 
the intracavity fields 4 and Jj and the total in- 
tensity Iy = J; + Ip as a function of y,;, (Fig. 3, A 
to C, and supplementary text S1, $2, S5, and S6). 
AS Yip Was increased, Jr first decreased and then 
started to increase despite increasing loss. This 
loss-induced recovery of the intensity is in con- 
trast to the expectation that the intensity would 
decrease with increasing loss and is a direct 
manifestation of the EP. 

The effect of increasing y,;, on J and Jy at w; is 
depicted in Fig. 3, A and B. When y,,, = 0 and 
the system was set in the strong-coupling regime, 
the light input at uR, was freely exchanged be- 
tween the resonators, establishing evenly distrib- 
uted supermodes. As a result, the intracavity field 
intensities were almost equal. As ,;,, was increased, 
J, and J, decreased continuously at different rates 
until 7, reached a minimum at y,i, = ce The 
rate of decrease was higher for J, because of 
increasingly higher loss of uR». Beyond va, un- 
til the EP was reached at 7, = yff, the system 
remained in the strong-coupling regime, but the 
supermode distributions were strongly affected 
by Yip, Which led to an increase of J, and, hence, 
of Iy, whereas no appreciable change was ob- 
served for J, (20). Increasing ¥,;,, further pushed 
the system beyond the EP, thereby completing 
the transition from the strong-coupling to the 
weak-coupling regime during which / increased 
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and kept increasing, whereas J, continued de- 
creasing. This behavior is a manifestation of the 
progressive localization of one of the supermodes 
in the less lossy wR, and of the other supermode in 
the more lossy uR». We conclude that the non- 
monotonic evolution of J; for increasing values of 
Ytip is the result of a transition from a symmetric 
to an asymmetric distribution of the supermodes 
in the two resonators (supplementary text S5 
and $7). 

The data shown in Fig. 3, A and B, also dem- 
onstrate that the initial loss contrast of the res- 
onators affects both the amount of y,,, required 
to bring the system to the EP and the intensity 
values themselves (20): Increasing y;;, in case 2 
increased J; to a higher value than that at 
Ytip = 0; in case 1, on the other hand, Jr stayed 
below its initial value at y,;, = 0. Finally, Fig. 3C 
shows that the intracavity field intensities at 
w; and 9 coincide when yi) = y{,; that is, 
after the EP transition to the weak coupling 
regime (20). This is a direct consequence of the 
coalescence of eigenfrequencies wz at @o (supple- 
mentary text S5). 

Whispering-gallery-mode microresonators (27) 
combine high-quality factor Q (long photon stor- 
age time, narrow linewidth) and high-finesse F 
(strong resonant power build-up) with microscale 
mode volume V (tight spatial confinement, en- 
hanced resonant field intensity) and are thus 
ideal for studying quantum electrodynamics (22), 
optomechanics (23), lasing (24), and sensing 
(25-27). The ability of WGMRs to provide high 
intracavity field intensity and long interaction 
time reduces thresholds for nonlinear processes. 
Therefore, loss-induced reduction and the recov- 
ery of intracavity field intensities should have a 
direct effect on the thermal nonlinearity (28) and 
the Raman lasing (24, 29) in WGMRs. 
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Thermal nonlinearity in WGMRs is due to 
the temperature-dependent resonance-frequency 
shifts caused by material absorption of the in- 
tracavity field and the resultant heating (20, 28). 
In silica WGMRs, this is manifested as thermal 
broadening (or narrowing) of the resonance line 
when the wavelength of a probe laser is scanned 
from shorter to longer (or longer to shorter) 
wavelengths. In our system, thermal nonlinearity 
was observed in 7\_,. as a shark-fin feature (Fig. 
3D). With an input power of 600 uW, thermal 
broadening kicked in and made it impossible to 
resolve the individual supermodes [Fig. 3D (i 
and ii)]. When y,;, was introduced and gradually 
increased, thermal nonlinearity and the associ- 
ated linewidth broadening decreased at first but 
then gradually recovered [Fig. 3D (iii and iv)]. 
This aligns well with the evolution of the total 
intracavity field as a function of loss (supple- 
mentary text S8). 

Finally, we tested the effect of the loss-induced 
recovery of the intracavity field intensity on Raman 
lasing in silica microtoroids (29, 30). The thresh- 
old for Raman lasing scales as Praman-threshola © V / 
£pQ? (where gp is the Raman gain coefficient), 
implying the importance of the pump intracavity 
field intensity in the process. With a pump in the 
1550-nm band, Raman lasing in the silica WGMR 
takes place in the 1650-nm band. Figure 4 depicts 
the spectrum and the efficiency of Raman lasing 
in our system. The lasing threshold for 1.R, was 
~150 pW (Fig. 4B, blue curve). Keeping the pump 
power fixed, we introduced uR»s, which had a 
much larger loss than uR,. This effectively in- 
creased the total loss of the system and annihi- 
lated the laser (Fig. 4A, gray curve). Introducing 
Ytip to WR helped to recover the Raman laser, 
whose intensity increased with increasing y4, 
(Fig. 4A). We also checked the lasing threshold of 


25 
Detuning (MHz) 
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0.4 


Fig. 4. Loss-induced suppression and revival of Raman lasing in silica microcavities. (A) Raman lasing spectra of coupled silica microtoroid resonators as 
a function of increasing loss. dBm, decibel-milliwatts. (B) Effect of loss on the threshold of Raman laser and its output power. The inset shows the normalized 
transmission spectra Ty_,2 in the pump band obtained at very weak powers for different amounts of additional loss. Loss increases from top to bottom. The 
curves with the same color code in (A), (B), and the inset of (B) are obtained at the same value of additionally introduced loss. 
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each of the cases depicted in Fig. 4A and observed 
that as y,;, was increased, the Praman-threshold 1N- 
creased at first but then decreased (Fig. 4B). 

These observations are in stark contrast with 
what one would expect in conventional systems, 
where the higher the loss, the higher the lasing 
threshold. Surprisingly, in the vicinity of an EP, 
less loss is detrimental and annihilates the pro- 
cess of interest; more loss is good because it helps 
to recover the process. This counterintuitive effect 
happens because the supermodes of the coupled 
system readjust themselves as loss is gradually 
increased. When the loss exceeds a critical value, 
one supermode is mostly located in the subsystem 
with less loss and, thus, the total field can build up 
more strongly (20). As our results demonstrate, 
this behavior also affects nonlinear processes, such 
as thermal broadening and Raman lasing, that 
rely on intracavity field intensity. 

Our system provides a comprehensive plat- 
form for further studies of EPs and opens up new 
avenues of research on non-Hermitian systems 
and their behavior. Our findings may also lead to 
new schemes and techniques for controlling and 
reversing the effects of loss in other physical sys- 
tems, such as in photonic crystal cavities, plas- 
monic structures, and metamaterials. 
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QUANTUM ELECTRONICS 


Cavity quantum electrodynamics 
with many-body states of a 
two-dimensional electron gas 


Stephan Smolka,’* Wolf Wuester,”?* Florian Haupt,’ Stefan Faelt,”” 


Werner Wegscheider,” Atac Imamoglu't+ 


Light-matter interaction has played a central role in understanding as well as engineering 
new states of matter. Reversible coupling of excitons and photons enabled groundbreaking 
results in condensation and superfluidity of nonequilibrium quasiparticles with a photonic 
component. We investigated such cavity-polaritons in the presence of a high-mobility 
two-dimensional electron gas, exhibiting strongly correlated phases. When the cavity was 
on resonance with the Fermi level, we observed previously unknown many-body physics 
associated with a dynamical hole-scattering potential. In finite magnetic fields, polaritons 
show distinct signatures of integer and fractional quantum Hall ground states. Our results 
lay the groundwork for probing nonequilibrium dynamics of quantum Hall states and 
exploiting the electron density dependence of polariton splitting so as to obtain ultrastrong 


optical nonlinearities. 


trong electric-dipole coupling of excitons 

in an intrinsic semiconductor quantum 

well (QW) to microcavity photons leads to 

the formation of mixed light-matter qua- 
siparticles called cavity-polaritons (J, 2). In 
contrast to excitons, optical excitations from a 
two-dimensional electron gas (2DEG) show many- 
body effects associated with the abrupt turn-on of 
a valence-band hole-scattering potential. The re- 
sulting absorption spectrum exhibits a power-law 
divergence, stemming from final-state interac- 
tion effects that lead to orthogonal initial and 
final many-body wave functions, and is referred 
to as Fermi-edge singularity (3). Despite initial 
attempts (4-6), the nature of strong coupling of a 
Fermi-edge singularity, rather than an exciton, to 
a microcavity mode remained largely unexplored. 
We investigated a 2DEG in a modulation- 
doped GaAs QW embedded in a distributed 
Bragg reflector (DBR) microcavity (Fig. 1A). We 
used this system to analyze two distinct prob- 
lems: In the absence of an external magnetic 
field (B, = 0), optical excitations from a 2DEG 
are simultaneously subject to Coulomb inter- 
actions and strong cavity coupling, which lead 
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to the formation of Fermi-edge polaritons—a 
many-body excitation with a dynamical valence- 
hole scattering potential (7). In the B, 4 0 limit, 
we establish cavity quantum electrodynamics 
(QED) as a new paradigm for investigating in- 
teger and fractional quantum Hall (QH) states 
(8) in which information about a strongly cor- 
related electronic ground state is transcribed 
onto the reflection and transmission amplitudes 
of a single-cavity photon. 

The dispersion of the relevant electronic states 
when B, = 0 is shown in Fig. 1B, left. The Fermi 
energy Ey is tuned by applying a gate voltage (V,) 
between a p-doped GaAs top layer and the 2DEG. 
When B, # 0, the electronic states form discrete 
Landau levels (LLs) (Fig. 1B, right). Each (spin- 
resolved) LL has a degeneracy e B,/h; the filling 
factor v = n, h/(e B.) determines the number of 
filled LLs at a given electron density ,. We studied 
two different samples with gate-tunable 2,: sam- 
ple A exhibits an electron mobility of u = 2 x 
10° cm?(V s) tat n, = 1.0 x 10" em? (9). Sample B 
exhibits an order-of-magnitude-higher mobility 
of p = 2.5 x 10° cm?(V s) 1 at n,. = 2.3 x 10" cm. 

The differential reflectivity (dR) (9) spectra of 
sample A (blue) is shown in Fig. 1D as the elec- 
tron density n, in the 2DEG is varied from n, < 
2 x 10° cm” to n. = 8 x 10 cm™. The cavity 
mode is visible as a dR peak at 1521 meV. 
Changing n, modifies the nature of elementary 
optical excitations: At low electron densities 
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(Me < 2 x 10 cm), the QW spectrum is dom- 
inated by the heavy-hole exciton X?, peak. The 
weak resonance on the red side of X$, stems 
from the excitation of a bound state of two elec- 
trons and one hole (X", trion). For 2 x 10° cm? < 
Ne < 8 x10"° cm™, the trion transition emerges as 
the dominant feature in the spectrum. Increasing 
ne leads to an asymmetry in the X line shape and 
a blue-shift of its center frequency (10). Last, 
for n. > 8 x 10 cm” the absorption spectrum 
is dominated by an asymmetric resonance at the 
Fermi edge (72). Photoluminescence (PL) spec- 
tra, obtained after tuning the cavity mode to 
1531 meV, is shown with dR in Fig. 1D in orange. For 
Ne > 6 x 10° cm”, the PL spectrum (12) exhibits 
a double-peaked structure with a total width 
that agrees well with Ey, which was estimated 
by using independently determined 7, (9). 

We first address the confluence of Fermi-edge 
singularity and nonperturbative light-matter cou- 
pling (Fig. 2). In stark contrast to earlier work 
on edge singularity physics, our system exhibits 
a dynamical hole-scattering potential due to 
vacuum Rabi oscillations in the final state of the 
optical transition, and a finite hole recoil in- 
duced modification of the cavity-2DEG coupling. 
Prior work—based on a fixed n, 2DEG embedded 
in a microcavity—demonstrated normal-mode 
splitting at a relatively high temperature of 2 K 
and used single-particle transfer-matrix calcu- 
lations to obtain a fit to the data (5). However, 
we show that only by measuring the polariton 
dispersion as well as the ,, mobility, and tem- 
perature dependence of the vacuum Rabi cou- 
pling is it possible to develop a consistent picture 
of the underlying many-body physics. 

To demonstrate nonperturbative light-matter 
coupling, we fixed n, to 1.2 x 10" cm in sample 


A 


A and tuned the cavity mode across the absorp- 
tion edge at E;. When the cavity frequency E, is 
resonant with Ey (Fig. 2A), we observe normal- 
mode splitting of 2g = (2.0 + 0.1) meV, with g 
denoting the dipole-coupling strength. Because 
2g is larger than the bare-cavity linewidth I, = 
1 meV, it is concluded that the system is in the 
strong coupling regime of cavity-QED, where the 
elementary optical excitations could be described 
as trion/Fermi-edge polaritons (5, 13). In con- 
trast to the exciton-polariton excitations observed 
in undoped QWs coupled to microcavities (J), 
in our case the upper polariton is substan- 
tially broader than the lower polariton. This 
broadening and the asymmetry stem from the 
shake-up of the Fermi sea that accompanies 
bound-trion or Fermi-edge resonance forma- 
tion (6). 

The dispersion of Fermi-edge polaritons is 
shown in Fig. 2B. The data were obtained by 
measuring angle-resolved dR spectra (/4) for a 
cavity detuning that yields minimal normal-mode 
splitting at normal incidence (Fig. 2A). We ob- 
served two split branches, each with an ultra-small 
effective polariton mass, which is approximately 
twice as large as that of the bare cavity-photon 
mass (9). 

In order to study the density and mobility 
dependence of the Fermi-edge polaritons, we 
recorded the polariton excitations versus detun- 
ing from the Fermi edge at n, = 1.6 x 10" cm? 
on the high-mobility sample B (Fig. 2C). The 
data shows a significantly smaller normal-mode 
splitting as compared with that of sample A 
(Fig. 2A), which is a consequence of weaker hole 
confinement owing to higher n, and mobility. A 
detailed study of the normal-mode splitting at 
resonance as a function of », is presented in 


Fig. 1. Cavity QED in a two-dimensional electron system. (A) The sample consists of a 
modulation-doped 20-nm GaAs QW inside a DBR microcavity. (B) (Left) Dispersion of the 
conduction and valence bands at B, = O T; Eg and E¢ denote the band gap and Fermi energy, 


= 
respectively. (Right) For B, 4 O, the bands split into discrete Landau energy levels; electron-hole = 
oa 


pairs TY: can be excited with o” polarized light, and electron-hole pairs 111 can be excited with o* 


polarized light, into the corresponding (electron) spin-split Landau levels (LLO). (©) Magnetotrans- 
port measurements of the resistivity p,. and py, of wafer B at an electron density of ne = 2.3 x 
10" cm™*. (D) dR (blue) and photoluminescence (orange) spectra of sample A for different 
electron densities at T = 0.2 K. The spectra are vertically shifted for clarity. The uncertainty in the 


estimated electron density for the plots with ne = 4 x 10° cm is ~2 x 10° cm. 
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Fig. 2D, showing a clear decrease from 2g = (2.0 + 
0.1) meV to 2g = (1.3 + 0.2) meV as the density is 
increased from 7, = 0.8 x 10" cm™ to n, = 16 x 
10" cm (9). The scattering of an electron with 
momentum ~x; on the Fermi surface is accom- 
panied by a hole momentum kick, leading to a 
hole recoil energy E£, (15). A larger hole recoil 
partially inhibits the formation of the electron 
screening cloud as 7,(K,) is increased, resulting 
in the observed reduction of the normal-mode 
splitting. 

Remarkably, polariton excitations depend 
strongly on temperature as well. When we com- 
pare the n. = 0.9 x 10" cm dR spectrum at T = 
0.2 K with the one at T = 4 K (Fig. 2D, inset), we 
observe that the normal-mode splitting disap- 
pears at T = 4 K. This observation is striking 
because the corresponding splitting at T = 0.2 K 
(2g = 1.3 + 0.2 meV) is larger than the thermal 
energy Er = 345 peV at T= 4 K 

Our experimental findings point to a scenario 
in which the nonperturbative cavity-QW cou- 
pling leads to the formation of Fermi-edge po- 
laritons for n. > 8 x 10°° cm~. In contrast to the 
Fermi-edge singularity associated with screen- 
ing of a localized hole by the Fermi sea (4, 6), 
these new many-body optical excitations are de- 
localized as demonstrated by the polariton dis- 
persion (Fig. 2B). A key requirement for the 
observation of Fermi-edge polaritons is that the 
cavity-QW coupling strength exceeds £,: in this 
limit, the enhancement of the 2DEG-cavity cou- 
pling by optical excitations with energy = Ey + 
£, ensures strong coupling, albeit with reduced 
normal-mode splitting. This conclusion is sup- 
ported by the reduction of normal-mode splitting 
(Fig. 2D) with increasing n,, or equivalently, in- 
creasing E, observed in the high-mobility 
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sample B. Conversely, the persistence of polar- 
iton splitting implies that the hole population 
in the QW exhibits Rabi oscillations, leading 
to a time-dependent scattering potential. 

In contrast to the B, = 0 limit at which the 
initial state of the optical transition is a Fermi 
sea without interaction-induced correlations, 
the electronic states for B, # 0 in the absence 
of photonic excitations are QH states. We an- 
alyzed polariton excitations out of these many- 
body states by performing polarization-resolved 
dR measurements. Because the absorption of 
right-hand circularly polarized o* light generates a 
spin-down ||) electron and a |ft) heavy-hole, 
and absorption of left-hand circularly polarized 
o light generates a spin-up |f) electron and a | |!) 
heavy-hole, the observed spectrum is highly sen- 
sitive to spin polarization-dependent phase-space- 
filling. When the magnetic field is increased, the 
filling factor v is reduced, allowing optical ab- 
sorption into LLs that are no longer (complete- 
ly) filled. In Fig. 3, A and B, the cavity resonance 
on sample B is tuned to E = 1523.8 meV. In the 
low field range (B, = 0 — 2 T), absorption into 
higher lying empty LLs (v = 2), enabled by the 
weak off-resonant coupling of these resonances 
to the cavity mode, is visible. 

The reflection spectrum from the lowest LL 
(LLO) at n. = 14 x 10" cm”? (Fig. 3, A and B) 
shows that a finite polariton splitting emerges 
at B, ~ 3 T (v ~ 2). To study the resonant inter- 
action between the cavity mode and the optical 
excitations of QH states, we fixed B, = 3 T, tuned 
the cavity to resonance with the LLO spin-up (o") 
transition at v = 2, and varied n, through V,. For 
both light polarizations, only the bare cavity res- 
onance is visible for v = 2 because phase-space- 
filling blocks all 2DEG optical excitations at E. 
(Fig. 3, C and D). In contrast, a normal-mode 
splitting appears for v < 2; the splitting grows 
monotonically as n, is reduced because the num- 
ber of available final states is thereby increased. 
The normal-mode splitting of o* polarization 
starts at higher v than the one of o , suggest- 
ing that 2DEG electrons remain spin-polarized 
for 1.7 < v < 2.0. 

Unlike the B, = 0 case, the normal-mode 
splitting at B, # 0 is comparable with that of 
a heavy-hole exciton polariton in the limit n, > 
0, pointing to a reduced screening of electron- 
hole attraction. The dominant optical excitations 
into LLO for 1 < v < 2 can be described as heavy- 
hole singlet trions (16) because the strongest 
binding energy and the highest optical oscil- 
lator strength would be obtained for a complex 
of two electrons of opposite spin in the same 
electronic orbital m of size = dy, = \/h/eB, and 
a heavy-hole with a strong spatial overlap. Such 
a trion could have an absorption strength 
comparable with that obtained for an exciton 
because the magnetic length a,, is comparable 
with the exciton Bohr radius for B, ~ 5T. 

By increasing the magnetic field to B, = 4.9 T, 
we explored polariton excitations around v = 1. 
In Fig. 3, E and F, we see a drastic change in the 
optical response: Whereas the normal-mode split- 
ting collapses for o light, it increases sharply for 
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Fig. 2. Experimental signatures of Fermi-edge polaritons. (A) dR spectra taken from sample A as 
a function of cavity detuning 8 from the Fermi edge at T = 0.2 K and ne = 1.2 x 10" cm’. (B) Fermi- 
edge polariton energy dispersion obtained at T = 1.6 K, ne = 1.2 x 10" cm, and 8 = O. The dashed 
straight line depicts the Fermi energy. The blue color-coded area displays low dR signal, and the red 
color-coded area displays high dR signal. (C) dR spectra measured on sample B versus cavity de- 
tuning at T = 0.2 K and ng = 1.6 x 10" cm. (D) dR spectra for different densities from sample B at § = O 
and T = 0.2 K for n.=0.8 x 10% cm” (black), ng = 1.2 x 10" cm (green), and n, = 1.6 x 10" cm’? (red). 
The spectra shift to higher energies as the density increases due to the increasing Er. (Inset) dR spectra 
for two different temperatures of T = 0.2 K (red) and T = 4 K (black) at 8 = O. In both cases, we have 


Ne = 0.9 x 10" cm. 


o'. This feature shows the emergence of a high 
degree of spin polarization, which we associate 
with the v = 1 integer QH state (17, 18). In case 
of full spin polarization, the oscillator strength 
(cc g*) of the o* polariton excitations is maximum 
because no ||) states are occupied. For v = 1, 
the degree of spin polarization, P = (g?,.- g?-)/ 
(g2, +g2.), is determined from the measured 
minimum normal-mode splittings and found to 
be P = 90 + 10%. The error arises primarily from 
the measurement uncertainty of the individual 
splittings and simultaneous coupling to higher 
lying optical transitions. As we moved away to 
both sides from v = 1 by changing either V, or 
B,, we observed a symmetric decrease of the 
normal-mode splitting for the o polariton exci- 
tations and a symmetric increase of the normal- 
mode splitting for the o* polariton excitations, 
which we attribute to spin-depolarization due 
to skyrmion excitations (19). 

In order to investigate fractional QH states, we 
tuned £, into resonance with the ||)-transition 
of LLO at v = 2/3. dR spectra at B, = 6 Tasa 
function of n, is presented in Fig. 4, A and B. 
For v = 2/3, we observed a small decrease in 
the normal-mode splitting for the 0 polariton 
modes and a small increase in the normal-mode 
splitting for the o* polariton modes, which points 
to enhanced spin polarization associated with 


the v = 2/3 fractional QH state (20, 27). The small 
change in the splitting stems from the sizeable 
degree of spin polarization that persists for 
Vv <1 and the fact that even for complete spin 
polarization at v = 2/3, one third of the states in 
the spin-up LLO are available for excitonic excita- 
tions. To highlight the variations in the normal- 
mode splitting, we plot in Fig. 4C the energy 
difference AE; p between the dR peaks of the o* 
and o lower polariton branches as a function 
of v at B, = 6 T (blue circles): A local maximum 
in AE;p around the fractional QH state v = 2/3 
signifies spin polarization (22-25). To confirm that 
the peak in AE, at v = 2/3 does not have an au- 
xiliary origin, we spatially tuned the cavity mode 
to E, _ , (Fig. 4C, red squares) and found that 
the local maximum in AF; at v = 2/3 persists. 

It has been previously established that a phase 
transition from an unpolarized v = 2/3 to a po- 
larized v = 2/3 QH ground state takes place at 
a critical magnetic field B, that depends strong- 
ly on the effective width of the electron wave 
function (26, 27). At a lower magnetic field of 
B, = 4.9 T (Figs. 3, E and F), we did not observe 
a local maximum in AE;» at v = 2/3 (Fig. 4C), 
suggesting that the excess spin polarization is 
lost; this observation is consistent with a phase 
transition from an unpolarized to a polarized v = 
2/3 state. 
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Fig. 3. Integer QH polariton excitations. (A and B) Polarization-resolved 
dR measurements versus magnetic field of sample B at a constant cavity 
energy of E, = 1523.8 meV and an electron density of ne = 1.4 x 10" cm? 
(Vg = -4 V). (C and D) Polarization-resolved dR measurements versus Vg 
around v = 2 when the cavity energy is on resonance with the lowest 
Landau level (B, = 3 T). The blue color-code represents low dR signal, and 
the red color-code represents high dR signal. o* corresponds to right-hand 


circularly polarized light, and o corresponds to left-hand circularly po- 
larized light. (E and F) Polarization-resolved dR measurements as a func- 
tion of the filling factor obtained by changing Vz around v = 1 at a magnetic 
field of B, = 4.9 T for o*- in (E) and o -polarized light in (F). The spectral 
white light power in (A) and (B) is P = 15 pW nm". In (C) to (F), we used a 
spectral power P = 0.2 pW nm'!: the plotted data are an average over 150 
measurements. 
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Fig. 4. Fractional QH polariton excitations. (A and B) Polarization-resolved dR measurements 
versus V, performed on sample B when the cavity energy is on resonance with the lowest Landau level 
(B, = 6 T). The color-code is the same as in Fig. 3. (©) The energy difference, AE, p = E(LP,_) — E(LP.+), of 
the o” and o” lower polariton branches versus filling factor for different magnetic fields and resonance 
conditions. Blue circles (B, = 6 T) correspond to data obtained when the cavity is tuned into resonance 
with LLO around v = 2/3; red squares (B, = 6 T) and green triangles (B, = 4.9 T) show data obtained 
when the cavity is tuned into resonance with LLO around v = 1 (data were analyzed from the same scan 


as in Fig. 3, E and F). 


Our B, = 0 experiments reveal a previously 
unknown cavity excitation-induced strongly 
correlated state that requires a new theoretical 
framework to describe a mobile 2DEG impurity 
in a cavity-QED setting. Furthermore, B, # 0 ex- 
periments establish cavity-QED as an invaluable 
spectroscopic tool for investigating and manip- 
ulating properties of many-body states in a 2DEG. 
By increasing the cavity lifetime, it should be 
possible to enhance the measurement sensitiv- 
ity and to observe the incompressibility-induced 
modification of the polariton splitting. Semi- 
integrated cavity structures not only allow for a 
factor of 20 increase in lifetime but also enable 
tuning the electric-dipole coupling strength (28). 
More intriguing possibilities raised by our obser- 
vations include observation of nonequilibrium 
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dynamics after an optical quench into a frac- 
tional QH state. Last, the system we consider in 
the B, = 0 limit could also be viewed as a new 
nonlinear optical system in which n, of the 2DEG 
can be used to change the effective Bohr radius 
and consequently the strength of polariton- 
polariton interactions (29). 
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ATTOSECOND DYNAMICS 


Ultrafast electron dynamics in 
phenylalanine initiated by 


attosecond pulses 


F. Calegari,’ D. Ayuso,” A. Trabattoni,® L. Belshaw,* S. De Camillis,* S. Anumula,” 
F. Frassetto,” L. Poletto,” A. Palacios,” P. Decleva,° J. B. Greenwood,* 


F. Martin,””* M. Nisoli??* 


In the past decade, attosecond technology has opened up the investigation of ultrafast 
electronic processes in atoms, simple molecules, and solids. Here, we report the application 
of isolated attosecond pulses to prompt ionization of the amino acid phenylalanine and 
the subsequent detection of ultrafast dynamics on a sub—4.5-femtosecond temporal scale, 
which is shorter than the vibrational response of the molecule. The ability to initiate and 
observe such electronic dynamics in polyatomic molecules represents a crucial step forward 
in attosecond science, which is progressively moving toward the investigation of more 


and more complex systems. 


he investigation of ultrafast processes in 

atoms received a major stimulus with the 

introduction of attosecond pulses in the 

extreme ultraviolet (XUV) spectral region 

(1). Real-time observation of the femto- 
second Auger decay in krypton was the first ap- 
plication of isolated attosecond pulses in 2002 
(2). This demonstration was then followed by 
other important experimental results in the field 
of ultrafast atomic physics, such as the real-time 
observation of electron tunneling (3) and the 
measurement of temporal delays of the order of 
a few tens of attoseconds in the photoemission 
of electrons from different atomic orbitals of neon 
(4) and argon (5). The unprecedented time reso- 
lution offered by attosecond pulses has also al- 
lowed quantum mechanical electron motion and 
its degree of coherence to be measured in atoms 
by using attosecond transient absorption spec- 
troscopy (6). Attosecond techniques have been 
applied in the field of ultrafast solid-state phys- 
ics, with the measurement of delays in electron 
photoemission from crystalline solids (7) and 
the investigation of the ultrafast field-induced 
insulator-to-conductor state transition in a di- 
electric (8). In the past few years, attosecond 
pulses have also been used to measure ultrafast 
electronic processes in simple molecules (9). Sub- 
femtosecond electron localization after atto- 
second excitation has been observed in Hz and Dy 
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molecules (0), and control of photo-ionization 
of Dz and O, molecules has been achieved by 
using attosecond pulse trains (APTs) (11, 12). 
More recently, an APT, in combination with two 
near-infrared fields, was used to coherently ex- 
cite and control the outcome of a simple chem- 
ical reaction in a D, molecule (13). Although the 
study of more complex molecules is challenging, 
a formative measurement of the amino acid 
phenylalanine has shown that ionization by a 
short APT leads to dynamics on a temporal scale 
of a few tens of femtoseconds. This has been in- 
terpreted as the possible signature of ultrafast 
electron transfer inside the molecule (/4). 

The application of attosecond techniques to 
molecules offers the possibility of investigating 
primary relaxation processes, which involve elec- 
tronic and nuclear degrees of freedom and their 
coupling. In the case of large molecules (e.g., bi- 
ologically relevant molecules), prompt ioniza- 


Fig. 1. Three-dimensional 
structure of phenylalanine. 
Molecular structure of the most 
abundant conformer of the 
aromatic amino acid phenylalanine. 
Dark gray spheres represent 
carbon atoms; light gray spheres, 
hydrogen atoms; blue sphere, 
nitrogen; and red spheres, oxygen. 
The molecular geometry has 

been optimized by using density 
functional theory (DFT) with a 
B3LYP functional. 


tion by attosecond pulses may produce ultrafast 
charge migration along the molecular skeleton, 
which can precede nuclear rearrangement. This 
behavior has been predicted in theoretical calcu- 
lations by various authors (75-19), whose work 
was stimulated by pioneering experiments per- 
formed by Weinkauf, Schlag, and co-workers on 
fragmentation of peptide chains (20, 21). This 
electron dynamics, evolving on an attosecond or 
few-femtosecond temporal scale, can determine 
the subsequent relaxation pathways of the mole- 
cule (9). The process is induced by sudden gen- 
eration of an electronic wave packet, which moves 
across the molecular chain and induces a site- 
selective reactivity, which is related to charge lo- 
calization in a particular site of the molecule (75). 
Although picosecond and femtosecond pulses 
are suitable for the investigation of nuclear dy- 
namics, the study of electronic dynamics with 
these pulses has been made possible by slowing 
down the dynamics through the use of Rydberg 
electron wave packets (22). However, in order 
to study the electron wave-packet dynamics in 
the outer-valence molecular orbitals relevant to 
most chemical and biological systems, attosecond 
pulses are required. 

Here, we present experimental evidence of 
ultrafast charge dynamics in the amino acid 
phenylalanine after prompt ionization induced 
by isolated attosecond pulses. A probe pulse then 
produced a doubly charged molecular fragment 
by ejection of a second electron, and charge mi- 
gration manifested itself as a sub-4.5-fs oscilla- 
tion in the yield of this fragment as a function 
of pump-probe delay. Numerical simulations of 
the temporal evolution of the electronic wave 
packet created by the attosecond pulse strongly 
support the interpretation of the experimental 
data in terms of charge migration resulting from 
ultrafast electron dynamics preceding nuclear 
rearrangement. 

The o-amino acids consist of a central carbon 
atom (a carbon) linked to an amine (-NH.) 
group, a carboxylic group (-COOH), a hydrogen 
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atom, and a side chain (R), which in the case of 
phenylalanine is a benzyl group (Fig. 1). In our 
experiments, we used a two-color, pump-probe 
technique. Charge dynamics were initiated by iso- 
lated XUV sub-300-as pulses, with photon energy 
in the spectral range between 15 and 35 eV and 
probed by 4-fs, waveform-controlled visible/near 
infrared (VIS/NIR, central photon energy of 
1.77 eV) pulses (see supplementary materials). 
A clean plume of isolated and neutral molecules 
was generated by evaporation of the amino acid 
from a thin metallic foil heated by a continuous 
wave (CW) laser. The parent and fragment 
ions produced by the interaction of the mol- 
ecules with the pump and probe pulses were 
then collected by a linear time-of-flight device for 
mass analysis, where the metallic foil was in- 
tegrated into the repeller electrode (23). Ionization 
induced by the attosecond pulse occured in a 
sufficiently short time interval to exclude sub- 
stantial electron rearrangement during the exci- 
tation process. 

We measured the yield for the production of 
doubly charged immonium ions as a function of 
the time delay between the attosecond pump 
pulse and the VIS/NIR probe pulse (the struc- 
ture of the immonium dication is **NH,+CH-R). 
Figure 2A shows the results on a 100-fs time 
scale. The experimental data display a rise time of 
10 + 2 fs and an exponential decay with time 
constant of 25 + 2 fs [this longer relaxation time 
constant is in agreement with earlier experi- 


mental results reported in (74)]. Figure 2B shows 
a 25-fs-wide zoom of the pump-probe dynamics, 
obtained by reducing the delay step between 
pump and probe pulses from 3 to 0.5 fs. An os- 
cillation of the dication yield is clearly visible. For 
a better visualization, Fig. 2C shows the same 
yield after subtraction of an exponential fitting 
curve. The data have been fitted with a sinusoidal 
function of frequency 0.234 PHz (corresponding 
to an oscillation period of 4.3 fs), with lower and 
upper confidence bounds of 0.229 and 0.238 PHz, 
respectively (see supplementary materials). The 
experimental data have been also analyzed by 
using a sliding-window Fourier transform, which, 
at the expense of frequency resolution, shows 
frequency and time information on the same 
plot. The result is shown in Fig. 3A. At short 
pump-probe delays, two frequency components 
are present, around 0.14 and 0.3 PHz. A strong 
and broad peak around 0.24 PHz forms in about 
15 fs and vanishes after about 35 fs, with a spec- 
tral width that slightly increases upon increasing 
the pump-probe delay, in agreement with the 
frequency values obtained from best fitting of the 
data reported in Fig. 2C. 

From these results, we can draw the following 
conclusions: (i) the ultrafast oscillations in the 
temporal evolution of the dication yield cannot 
be related to nuclear dynamics, which usually 
come into play on a longer temporal scale, ulti- 
mately leading to charge localization in a par- 
ticular molecular fragment. Indeed, standard 
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Fig. 2. Pump-probe measurements. (A) Yield of doubly charged immonium ion (mass/charge = 60) as 
a function of pump-probe delay, measured with 3-fs temporal steps. The red line is a fitting curve with an 
exponential rise time of 10 fs and an exponential relaxation time of 25 fs. (B) Yield of doubly charged 
immonium ion versus pump-probe delay measured with 0.5-fs temporal steps, within the temporal 
window shown as dotted box in (A). Error bars show the standard error of the results of four measure- 
ments. The red line is the fitting curve given by the sum of the fitting curve shown in (A) and a sinusoidal 
function of frequency 0.234 PHz (4.3-fs period). (C) Difference between the experimental data and the 
exponential fitting curve displayed in (A). Red curve is a sinusoidal function of frequency 0.234 PHz. 
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quantum chemistry calculations in phenylalanine 
(see supplementary materials) show that the 
highest vibrational frequency is 0.11 PHz, which 
corresponds to a period of 9 fs, associated with 
X-H stretching modes, whereas skeleton vibra- 
tions are even slower, so that one can rule out 
that the observed beatings are due to vibrational 
motion. In any case, some influence of the nu- 
clear motion cannot be completely excluded, be- 
cause, for example, stretching of the order of a 
few picometers of carbon bonds can occur in a 
few femtoseconds, and this could modify the 
charge dynamics (24, 25). (ii) Clear oscillatory 
evolution of the dication yield is observed even 
without any conformer selection. It is well known 
that amino acids exist in many conformations 
as a result of their structural flexibility. Typically, 
the energy barrier to interconversion between 
different conformers is small, of the order of a 
few kcal/mol, so that, even at room temperature, 
thermal energy is sufficient to induce conforma- 
tional changes. Theoretical investigations have 
shown that such changes can affect the charge 
migration process (26). In the case of phenylala- 
nine, 37 conformers have been found by ab initio 
calculations (27), with a conformational distrib- 
ution that depends on temperature. In our ex- 
periment, at an average temperature of about 
430 K, only the six most stable conformers are 
substantially present, as discussed in the supple- 
mentary materials, with the most abundant con- 
figuration shown in Fig. 1. 

To further investigate the measured dynamics, 
we also varied the photon energy and spectral 
width of the attosecond pump pulse by inserting 
an indium foil in the XUV beam path. The new 
XUV spectrum was characterized by a 3-eV (full 
width at half maximum) peak centered around 
15 eV, followed by a broad and weak spectral 
component extending up to 25 eV. In this case, 
doubly charged immonium fragments were bare- 
ly visible, suggesting that the dication formation 
involves relatively highly excited states of the 
cation. We have calculated the energy level dia- 
gram with all the states of singly charged phenyl- 
alanine generated by the XUV pump pulse and 
all the states of the dication (see supplementary 
materials). A number of transitions from excited 
states of the cation to the lowest states of the 
dication are possible, which involve the absorp- 
tion of just a few VIS/NIR photons. These states 
cannot be accessed by low-energy excitation, as 
in the case of XUV pulses transmitted by the in- 
dium foil. In this case, transitions from cation 
states to the lowest dication states would require 
the less probable absorption of many VIS/NIR 
photons. 

We also performed theoretical calculations to 
describe the hole dynamics induced by an atto- 
second pulse similar to that used in the experi- 
ment. Details of the method can be found in the 
supplementary materials. Because of the high 
central frequency and large spectral width of 
the pulse, a manifold of ionization channels is 
open, thus leading to a superposition of many 
one-hole (1h) cationic states, i.e., to an electronic 
wave packet. Ionization amplitudes for all 1h 
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open channels (32 for a single conformer) were 
quantitatively determined by means of the static- 
exchange density functional theory (28-30), 
which has been thoroughly tested in systems of 
similar complexity, and first-order time-dependent 
perturbation theory. A calculated photoelectron 
spectrum at 45-eV photon energy is in very good 
agreement with that obtained at 100 eV in a 
synchrotron radiation experiment (37). From the 
ionization amplitudes, the actual electronic wave 
packet was calculated by using the experimental 
frequency spectrum of the attosecond pulse. The 
evolution of the electronic wave packet was then 
evaluated by using a standard time-dependent 
density matrix formalism (6), in which the system 
is described by a sum of single-particle Hamil- 
tonians. This is a reasonable approximation when, 
as in the present case, changes in electronic den- 
sity are mostly due to the coherent superposition 
of 1h cationic states induced by the XUV pulse 
(see supplementary materials). In other words, 
higher-order processes in which additional elec- 
trons are excited (e.g., correlation satellites) play 
a minor role in the observed dynamics. The hole- 
density was calculated as the difference between 
the electronic density of the neutral molecule, 
which does not depend on time, and the elec- 
tronic density of the cation, from immediately 
after XUV excitation up to a 500-fs delay. Be- 
cause, in the experiments, the molecules were 
not aligned, we calculated the charge dynamics 
resulting from excitation by pulses with the elec- 
tric field polarized along three orthogonal di- 
rections (shown in Fig. 1). The results were then 
averaged assuming randomly oriented mole- 
cules. For a better analysis, we integrated the 
hole density around selected portions of the 
molecule: Beating frequencies were observed 
when the charge density was integrated around 
the amine group. 

The six most populated conformers at 430 K 
were considered in the simulations. Although 
the precise frequencies of the relevant peaks in 
the calculated Fourier spectra depend on the 
particular conformer, the common character- 
istic is the presence of three dominant groups 
of Fourier peaks between 0.15 and 0.4 PHz. Our 
calculations show that the largest temporal mod- 
ulation of the hole dynamics occurs around the 
amine group. Because of this fact, in Fig. 3C we 
only show the Fourier power spectrum of the 
calculated hole density around this group for 
the most abundant conformer. We have then 
analyzed the numerical results by using the same 
sliding-window Fourier transform procedure ap- 
plied to the experimental data. Figure 3B shows 
the resulting spectrogram in a temporal window 
up to 45 fs, considering an experimental tem- 
poral resolution of about 3 fs. A dominant peak 
around 0.25 PHz is visible, which forms in about 
15 fs and vanishes after about 35 fs, in close 
agreement with the results of the Fourier anal- 
ysis of the experimental data. A higher frequency 
component is visible around 0.36 PHz in the 
delay intervals below ~15 fs and above ~30 fs. 
At short delays, this component favorably com- 
pares with the experimental observation of the 
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Fig. 3. Fourier analysis of charge dynamics. Spectrograms calculated for the measured data of Fig. 2C 
(A) and for the calculated hole density integrated over the amine group for the most abundant con- 
former (B). The sliding window Fourier transforms have been calculated by using a Gaussian window 
function g(t — ty) = exp[-(t — ty)*/to7], with to = 10 fs and peak at ty (gate delay time). The spectrogram 
(B) was calculated considering an experimental temporal resolution of about 3 fs. (©) Fourier power 
spectrum of the calculated hole density integrated over the amine group for the most abundant 


conformer. 


frequency peak around 0.30 PHz in the same 
window of pump-probe delays. The temporal 
evolution of the main Fourier components is a 
consequence of the complex interplay among 
several beating processes initiated by the broad- 
band excitation pulse. Despite the agreement 
with the experimental results, we cannot exclude 
that the nuclear dynamics, which are not in- 
cluded in the simulations, also play a role in the 
temporal evolution of the measured oscillation 
frequencies. The good agreement between sim- 
ulations and experimental results is rather re- 
markable in light of the fact that simulations 
do not take into account the interaction of the 
VIS/NIR probe pulse. The fact that the effects 
of the probe pulse are not included in the simu- 
lations can explain why the calculated inten- 
sities of the different beatings differ from the 
experimental ones. We note that the beating fre- 
quencies have been observed experimentally 
even though the initial hole density is highly de- 
localized. An important result of the simulations 


is that the measured beating frequencies origi- 
nate from charge dynamics around the amine 
group. This leads to the conclusion that the pe- 
riodic modulations measured in the experiment 
are mainly related to the absorption of the probe 
pulse by the amine group. The mechanism that 
makes the probe pulse sensitive specifically to 
the charge density on this group is still not well 
understood, and therefore it will not be further 
discussed in the manuscript. Moreover, we ob- 
serve that, in spite of the large number of poten- 
tial frequency beatings associated to the wave 
packet motion induced by the attosecond pulse, 
only a few ones manifest in the experiment, thus 
reducing the impact of the modulations intro- 
duced by the probe pulse in the analysis of the 
wave packet motion. Figure 4 displays snapshots 
of the variation of the hole density with respect 
to the time-averaged hole density as a function 
of time for the most abundant conformer. In spite 
of the very delocalized nature of the hole-density 
resulting from the broadband XUV excitation, a 
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Fig. 4. Snapshots of hole dynamics. Relative variation of the hole density with respect to its time-averaged value as a function of time for the most abundant 
conformer. Isosurfaces of the relative hole density are shown for cutoff values of +10~4 arbitrary units (yellow) and -10~4 (purple). Time is with reference to the 
end of the XUV pulse (first snapshot). To guide the eye, time intervals between snapshots showing a similar accumulated density over the amine group are 


indicated. These time intervals are close to the domi 


group is highlighted in the first snapshot with a sha 


substantial redistribution of this density is ob- 
served on a sub-femtosecond scale. These charge 
dynamics cannot be associated with a simple 
migration from one side of the molecule to the 
other. Despite the complexity of the charge con- 
figuration calculated in a realistic (i.e., experi- 
mentally accessible) situation, the concept of 
charge migration is still valid. In particular, the 
snapshots shown in Fig. 4 evidence a notable and 
periodic variation of the charge density around 
the amine group. This is because the dominant 
beatings always involve delocalized orbitals with 
substantial localization around the amine group 
(see supplementary materials), thus showing that 
evolution of the hole density around this func- 
tional group provides a highly selective interac- 
tion with the probe pulse. 

Direct measurement of the ultrafast charge 
dynamics in an amino acid, initiated by atto- 
second pulses, represents a crucial benchmark 
for the extension of attosecond methodology to 
complex systems. We have demonstrated that 
charge fluctuations over large regions of a com- 
plex molecule such as phenylalanine can be in- 
duced by attosecond pulses on a temporal scale 
much shorter than the vibrational response of 
the system. This result was achieved in spite of 
the broad bandwidth of the attosecond pulses 
and, therefore, their low frequency selectivity, 
thus showing that attosecond science offers the 
possibility to elucidate processes ultimately lead- 
ing to charge localization in complex molecules. 
The latter has already been achieved in hydro- 
gen molecules, where, after attosecond excitation, 
charge localization was induced by the probe 
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NIR pulse as a result of the coupling with the 
nuclear degrees of freedom at long time delays 
(10). A similar achievement can be envisaged in 
more complex molecules by performing more 
sophisticated experiments, e.g., as those of (10), 
combined with the extension of the existing 
theoretical methods to account for the nuclear 
motion. 
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STRATEGIC REASONING 


Neural correlates of strategic 
reasoning during competitive games 


Hyojung Seo,'* Xinying Cai,’+ Christopher H. Donahue,'t Daeyeol Lee?”’?* 


Although human and animal behaviors are largely shaped by reinforcement and 
punishment, choices in social settings are also influenced by information about the 
knowledge and experience of other decision-makers. During competitive games, monkeys 
increased their payoffs by systematically deviating from a simple heuristic learning 
algorithm and thereby countering the predictable exploitation by their computer opponent. 
Neurons in the dorsomedial prefrontal cortex (dmPFC) signaled the animal’s recent 
choice and reward history that reflected the computer’s exploitative strategy. The strength 
of switching signals in the dmPFC also correlated with the animal’s tendency to deviate 
from the heuristic learning algorithm. Therefore, the dmPFC might provide control signals 
for overriding simple heuristic learning algorithms based on the inferred strategies of 


the opponent. 


earning algorithms suffer from the curse of 

dimensionality, as the amount of data nec- 

essary for statistically robust learning in- 

creases with the complexity of the task (2). 

Simple heuristic learning algorithms can 
thus be more effective, even for complex tasks 
(2). A broad range of animal and human behay- 
iors follows model-free reinforcement learning 
algorithms operating with a small number of 
discrete states (3-5). Nevertheless, more com- 
plex learning models can be advantageous when 
sufficient knowledge of the decision-maker’s en- 
vironment is available. In particular, inferences 
about the likely behaviors of other decision- 
makers often complement simple learning algo- 
rithms in social settings (6-12). However, the 
nature of control signals resulting from complex 
strategic inferences and how they are incorpo- 
rated into the process of action selection remain 
unknown. 

To investigate the nature of neural signals re- 
sponsible for disengaging the animals from sim- 
ple heuristic learning, we trained three rhesus 
monkeys to perform a token-based oculomotor 
decision-making task modeled after a biased 
matching pennies game against a computer op- 
ponent (Fig. 1A) (12). The outcome in each trial 
was jointly determined by the choices of the 
animal and the computer opponent according to 
the payoff matrix of the game (Fig. 1B), and the 
number of tokens shown on the computer screen 
was adjusted after each trial accordingly. The 
animal gained a token whenever it chose the 
same target as the computer. When the animal 
and computer chose different targets, the out- 
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come was neutral for one target (referred to as 
safe) and loss for the other target (referred to 
as risky). The animal received a juice reward 
whenever it accumulated six tokens. The optimal 
strategy [known as Nash equilibrium (13)] for 
the animal was to choose the risky target with a 
probability of 1/3. If the animal chose the risky 
or safe target more frequently than predicted 
by the optimal strategy, this was exploited by the 
computer (/4). The locations of risky and safe 
targets were fixed in a block of trials (mean = 
47.6 + 7.6 trials) and reversed between blocks. 
The computer used only the history of the ani- 
mal’s choices and outcomes in the current block 
to exploit the animal’s biases. 

The animals were more likely to choose the 
same target after receiving a token and to switch 
to the other target after losing a token, compared 
to when the outcome of their previous choice 


a as 
Fore- ula Delay 
(0.5 s) (0.5 s) 


ITI 


Sacc/ pre- — 
(<1.5 s) 


was neutral. The effects of gains and losses on 
subsequent choices decayed gradually (Fig. 1C). 
This is consistent with a model-free reinforce- 
ment learning algorithm in which the value func- 
tions for the two options are continually adjusted 
according to the outcome of the animal’s choice 
(3-5). Such a simple learning algorithm during a 
competitive game might be disadvantageous be- 
cause it leads to predictable choices. However, 
animals performed significantly better than the 
best-fitting model-free reinforcement learning 
algorithm and achieved payoffs indistinguish- 
able from that of the Nash-equilibrium player 
(fig. Sl). This suggests that the animals might 
have complemented a model-free reinforcement 
learning algorithm with more flexible strategies, 
potentially counter-exploiting the computer’s 
algorithm. 

The animal’s choices systematically deviated 
from the predictions from a model-free rein- 
forcement learning algorithm. For some animals 
(monkeys H and J), this was manifest as the 
attenuation in the immediate effect of losing a 
token on the animal’s behaviors (Fig. 1C, arrows). 
More generally, the animal’s choices and their 
outcomes in the previous two trials reliably pre- 
dicted whether the animal would choose the safe 
or risky target more frequently than predicted by 
a model-free reinforcement learning algorithm 
(Fig. 2), and this relationship was consistent across 
sessions within each animal, as well as across 
animals (fig. S2). The computer opponent largely 
exploited the sequences of animal’s choices and 
outcomes expected from simple reinforcement 
learning (fig. S3A). The animals tended to choose 
the safe target much more frequently than pre- 
dicted by the reinforcement learning algorithm, 
following the same sequence of outcomes that 
strongly biased the computer to predict the op- 
posite (fig. S3B). The computer’s prediction for 
the animal’s next choice was frequently exploited 
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Fig. 1. Behavioral task and performance. Biased matching pennies (A) and its payoff matrix (B). R, 
risky target; S, safe target. (C) Behavioral effects of gains and losses. Average regression coefficients 
(ordinate) quantified the tendency for the animal to choose the same target that produced a particular 
outcome in each of the last 10 trials. Arrows indicate the attenuation in the immediate effect of loss. 
Error bars, SEM. 
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by the animals when it was based on simple pat- 
terns, such as the win-stay-lose-switch strategy 
(fig. S3C). This increased the animal’s expected 
payoff beyond the level predicted for the Nash- 
equilibrium strategy (Fig. 2). 

We analyzed single-neuron activity recorded 
from the dorsolateral prefrontal cortex (dIPFC), 
dorsomedial prefrontal cortex (dmPFC), and dor- 
sal anterior cingulate cortex (ACCd), as well as 
the dorsal (caudate nucleus, CN) and ventral stria- 
tum (VS; fig. $4). Signals related to the animal’s 
previous choices and their outcomes have been 
found in all of these areas and can contribute to 
reinforcement learning (15-23). Because the animals 
tended to deviate from the model-free reinforce- 
ment learning frequently after specific sequences 
of choices and outcomes, we assumed that neu- 
rons involved in overriding the use of simple 
reinforcement learning algorithm might encode 
high-order conjunctive signals related to the ani- 
mal’s choices and their outcomes in multiple 
trials. Neurons encoding such high-order conjunc- 
tions were common in the dmPFC. During the 
0.5-s delay period, 48.7% of the neurons in the 
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dmPFC significantly modulated their activity ac- 
cording to such conjunctions (/4), and this was 
significantly higher than in all other areas tested 
in this study ? test, P < 0.001; Fig. 3). 

We hypothesized that dmPFC activity related 
to conjunctions of previous choices and outcomes 
might provide the information necessary for the 
animal’s decision to deviate from a model-free 
reinforcement learning algorithm. We decoded 
the animal’s choice in the current trial from the 
activity of each neuron during the delay period, 
separately for different sequences of choices and 
outcomes in the two preceding trials, and quan- 
tified how much the accuracy of this decoding 
changed depending on whether the animal made 
the same choice in the previous trial or not (.e., 
stay versus switch; Fig. 4A) (/4). We then tested 
whether this measure of switching activity was 
correlated with the frequency of deviations from 
model-free reinforcement learning across differ- 
ent outcome sequences (Fig. 4B). Significant cor- 
relation was found only for the dmPFC (7 = 0.14, 
P < 0.001; Fig. 4, C and D, and figs. S5 and S6). 
Therefore, switching activity in the dmPFC might 
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contribute to strategically deviating from a simple 
reinforcement learning algorithm. 

As a further independent test of this hypoth- 
esis, we applied the same methods to analyze the 
activity of neurons previously recorded from four 
cortical areas [dmPFC (23), dIPFC (21), ACCd (16), 
and the lateral intaparietal area or LIP (22)] dur- 
ing an unbiased matching pennies task. Signals 
related to conjunctions of previous choices and 
outcomes were observed more frequently in the 
dmPFC than in other areas (y” test, P < 10™*; fig. 
87). Switching activity was also significantly corre- 
lated across different outcome sequences with the 
deviations from model-free reinforcement learn- 
ing only for the dmPFC (r = 0.13, P < 10°; Fig. 4D 
and fig. S8). These results suggest that activity in 
the dmPFC might be involved in multiple levels of 
switching, not only for switching between differ- 
ent motor responses (24-26), but also for switching 
between actions favored by simple reinforcement 
learning and more abstract strategic inferences. 

For learning agents, the complexity of the op- 
timal internal model for action selection not only 
depends on the complexity of the environment, 
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Fig. 2. Systematic deviations from reinforcement learning was beneficial. 
The color of each box in the decision trees (top) and the position of each circle 
in the scatter plots (bottom) indicate how much the probability of choosing 
the safe target deviated from the prediction of the best-fitting reinforcement 
learning model (abscissa in the bottom scatter plot) according to the choices 
and outcomes in the last two trials, and how this increased or decreased the 
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probability of token compared to the Nash-equilibrium strategy (ordinate in the 
scatter plot). Numbers indicate different sequences of choices and outcomes 
in the two preceding trials. Solid boxes correspond to the sequences included 
in the best hybrid reinforcement learning model (14). R— and R+ denote loss 
and gain from the risky target, respectively, whereas SO and S+ indicate neutral 
outcome and gain from the safe target. 
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but also increases with the amount of experience. 
Accordingly, animals learning in real time must 
apply multiple learning algorithms in parallel 
(4, 27-29). Real or simulated social interactions 


provide an ideal platform to investigate the dy- 
namics and neural mechanisms for arbitrating 
between multiple learning algorithms. We found 
that monkeys can complement the use of a sim- 


ple reinforcement learning algorithm with stra- 
tegic high-order reasoning to improve their choice 
outcomes during virtual competitive interaction. 
We also identified a neural signature of switching 
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Fig. 3. Cortical activity related to the conjunctions of choices 
and outcomes. (A) Fraction of neurons in each brain region that 
significantly modulated their activity during the delay period according 
to high-order conjunctions of choices and outcomes (14). (B) The time 
course of signals plotted in (A), using the same color code used to 
indicate different brain areas. (C) Spike density functions of an exam- 
ple dmPFC neuron sorted by the animal's choices (R, risky; S, safe) and 
outcomes (+, 0, and — for gain, neutral, and loss), as well as the 
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between different learning algorithms in the me- 
dial frontal cortex. Inabilities to choose appropri- 
ate learning algorithms are thought to underlie a 
number of psychiatric disorders and might arise 
from the disruption in the neural circuits inves- 
tigated in the present study (30, 31). 
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Perception of root-derived peptides 
by shoot LRR-RKs mediates systemic 
N-demand signaling 


Ryo Tabata,’ Kumiko Sumida,’ Tomoaki Yoshii,” Kentaro Ohyama,” 
Hidefumi Shinohara,’ Yoshikatsu Matsubayashi'* 


Nitrogen (N) is a critical nutrient for plants but is often distributed unevenly in the soil. 
Plants therefore have evolved a systemic mechanism by which N starvation on one 
side of the root system leads to a compensatory and increased nitrate uptake on the 
other side. Here, we study the molecular systems that support perception of N and the 
long-distance signaling needed to alter root development. Rootlets starved of N secrete 
small peptides that are translocated to the shoot and received by two leucine-rich 
repeat receptor kinases (LRR-RKs). Arabidopsis plants deficient in this pathway show 
growth retardation accompanied with N-deficiency symptoms. Thus, signaling from the 
root to the shoot helps the plant adapt to fluctuations in local N availability. 


itrogen is an essential macronutrient in 
plants. Plants take up inorganic N directly 
from the soil in the form of nitrate or 
ammonium and assimilate these ions into 
amino acids. Most of the inorganic N in 
natural soils is, however, present as nitrate as a 
result of microbial nitrification. Additionally, there 
is spatial variation in soil nitrate distribution at 
scales relevant to individual plants due to uptake 
by plants or leaching by rain. Plants, therefore, 
have evolved sophisticated strategies allowing 
them to modulate the efficiency of root N ac- 
quisition in response to fluctuating external N 
availability and their own nutritional status. 

Nitrate uptake systems are under control by 
both cell-autonomous local signaling triggered 
by nitrate itself and systemic long-distance sig- 
naling that transduces external and internal N 
status across spatially distant root compartments 
(2). N starvation on one side of the root system 
leads to an up-regulation of nitrate uptake on the 
other side of the root system (2-4). This com- 
pensatory N acquisition response is accompanied 
by the transcriptional up-regulation of nitrate 
transporter genes such as NRT2.] and is pos- 
tulated to be mediated by a systemic signal, 
the N-demand signal (2-4). 

Small molecules such as secreted peptides can 
mediate long-distance signaling, as exemplified 
by Rhizobium-induced CLAVATA3/ESR-related (CLE) 
peptides involved in autoregulation of nodula- 
tion (5). Similarly, peptide signaling may coordi- 
nate root development with needs for N. The 
genes that encode small peptide signals are often 
parts of large families of genes with overlapping 
and redundant functions (6). To overcome the 
experimental limitations associated with gene 
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redundancy on signaling peptides, we explored 
the function of these peptides from the receptor 
side by a binding assay against an expression 
library of Arabidopsis leucine-rich repeat recep- 
tor kinases (LRR-RKs). Here, we clarify the func- 
tions of an Arabidopsis-secreted peptide family 
consisting of multiple functionally redundant mem- 
bers and identify peptide ligands and receptors 
mediating long-distance N-demand signaling. 

The Arabidopsis C-terminally encoded peptide 
(CEP) family was identified by in silico screening 
for a family of secreted peptides that share short, 
conserved domains near the C terminus, a fea- 
ture that is common to several posttranslation- 
ally modified small peptide signals in plants (7). 
CEP1 is secreted as a 15-amino acid peptide orig- 
inating from a C-terminal conserved domain (the 
CEP domain) through posttranslational proline 
hydroxylation and proteolytic processing. A total 
of 15 CEP family genes (CEPI through CEP15) have 
been found in the Arabidopsis genome (7-9). Ex- 
pression of CEP] through CEP5 is mainly found in 
the basal region of the lateral roots, but minor 
expression has also been detected in the above- 
ground tissues. Overexpression of several CEP 
family genes leads to repression of root growth 
accompanied with morphological alterations of 
shoots and, conversely, loss-of-function mutation 
of CEP3 promotes root development (7-9). How- 
ever, genetic redundancy obscures the functions 
of CEPs. 

To gain insight into the function of CEP family 
peptides, we prepared a CEP! analog derivatized 
with ’°I-labeled photoreactive 4-azidosalicylic 
acid ([°T]ASA-CEP1) (Fig. 1A). ASA-CEP1 exhibited 
biological activity comparable to that of CEP1 in 
a root growth assay (fig. SIA). We also generated 
an expression library of Arabidopsis LRR-RKs 
subfamily X and XI by overexpressing individual 
proteins in tobacco BY-2 cells. Photoaffinity la- 
beling of Arabidopsis LRR-RKs by ['IJASA-CEP1 
revealed that two related LRR-RKs, At5g49660 and 
At1g72180, in subfamily XI directly interact with 


17 OCTOBER 2014 « VOL 346 ISSUE 6207 343 


RESEARCH | REPORTS 


CEP1 (Fig. 1B and fig. SIB). This binding was 
competitively inhibited by excess unlabeled CEP1, 
supporting the specificity of this interaction. We 
confirmed that the double loss-of-function mutant 
of At5g49660 and Atlg72180 was insensitive to 
CEP1 in a root growth assay (Fig. 1C and fig. S2A). 
We concluded that these two LRR-RKs func- 
tion as CEP receptors and named them CEPR1 
(At5g49660) and CEPR2 (At1g72180). At5g49660 
has been characterized as XIP1, and a loss-of- 
function mutant displays anthocyanin accumu- 
lation in the leaves and ectopic lignification in 
phloem of inflorescence stems (10), although we 
did not observe the latter phenotype under our 
culture conditions. 

Seedlings of cepri-1 cepr2-1 double mutants 
displayed a pleiotropic phenotype characterized 
by pale-green leaves and enhanced lateral root 
elongation (Fig. 1, D and E, and fig. S2B). At the 
adult stage, compared with wild type, the mutant 
developed smaller rosette leaves and shorter floral 
stems, accompanied by anthocyanin accumu- 
lation (fig. S2C). An enhanced lateral root elon- 
gation phenotype was also observed, albeit to a 
lesser degree, in the cepri-1 single mutant, but 
was absent in the cepr2-] single mutant, suggest- 
ing a major role of CEPRI and a minor but re- 
dundant role of CEPR2 in the relevant signaling 
pathways (fig. S2D). Confirming this, a genomic 
fragment containing the 2.0-kb promoter and 
the entire CEPRI-coding region completely rescued 
the above phenotype when introduced in the 
cepri-1 cepr2-1 double mutant (fig. S2, C and D). 

B-glucuronidase (GUS) reporter-aided histo- 
chemical analysis revealed CEPR1 promoter activ- 
ity in the vascular veins of cotyledons and mature 
leaves, primary roots, and lateral roots, except for 
the root tip region (Fig. 1F and fig. $3, A and B). 
CEPR2 promoter activity was detected in mature 
leaves, primary roots, and the root tips of both 
primary roots and lateral roots. 

Because enhanced lateral root elongation, pale- 
green leaves, dwarfism, and anthocyanin accu- 
mulation are typical responses to N starvation 
(11), we next analyzed whether cepri-1 and 
cepr2-1 mutations affect expression of genes 
involved in N uptake and assimilation pathways. 
Using microarray profiling followed by quanti- 
tative reverse transcription polymerase chain 
reaction (qRT-PCR), we found that genes consid- 
erably down-regulated in the cepri-1 cepr2-1 mutant 
include NRT2.1 (in the top 0.1% of all down- 
regulated genes), NRT3.1 (in the top 1%), and 
NRT1.1 (in the top 2%), which encode major 
components of the root nitrate transport system 
(table S1 and fig. S4A). These three genes are 
known to be targets for systemic N-demand sig- 
naling (2-4). Along with the decrease in expres- 
sion of nitrate transporters, nitrate uptake activity 
of cepri-1 cepr2-1 mutant roots was considerably 
reduced compared with wild type, as indicated by 
analysis of NO," influx (Fig. 2A). 

To confirm whether these NRT genes are in- 
deed regulated by CEP, we treated roots of wild- 
type seedlings with 1 uM CEP! for 6, 24, and 
48 hours. qRT-PCR of transcripts in roots re- 
vealed that NRT2.1 expression was up-regulated 
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within 6 hours and transcripts accumulated over 
5-fold after 24 hours, even under N-rich condi- 
tions (Fig. 2B). This stimulatory activity was de- 
pendent largely on CEPR (Fig. 2C) and detectable 
at CEP1 concentrations as low as 100 nM when 
applied to wild-type plants (fig. S4B). CEP1 also 
induced other nitrate transporters such as NRT3.1 
and NRT1.1 (Fig. 2B), but had lesser effects on 
expression of transporters for ammonium and 
other macronutrients (fig. S4C). These pheno- 
typic and transcriptional analyses suggest that 
CEP signaling is likely to underlie N starvation 
responses and, accordingly, its overactivation 
or blockage leads to pleiotropic developmental 
effects in both roots and shoots. 

The Arabidopsis genome includes 11 genes (CEPI 
through CEPI1) encoding secreted polypeptides 
containing well-conserved 15-amino acid CEP do- 
mains and an additional 4 genes that may encode 
CEP-like peptides (CEP12 through CEPIS5) (7-9). 
We selected CEP] through CEPII for deep anal- 
ysis. (RT-PCR indicated that 10 of the 11 CEP 
genes are capable of inducing NRT2.1 expression 
in roots when overexpressed in Arabidopsis seed- 
lings (fig. S5). We confirmed that several of these 
CEPs—such as CEP3, CEP5, CEP6, and CEP9—are 
secreted as 15-amino acid peptides originating 
from conserved CEP domains (fig. S6, A to M) 
and that at least the CEP3 and CEP5 peptides 
interact with CEPR1 and induce NRT2.] expres- 
sion at 1 uM (fig. $7, A and B). 

In addition to the previously characterized CEPI 
through CEP% (7, 8), we tested expression patterns 
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We then analyzed whether expression of CEP 
family peptides are under the control of exter- 
nal N status. When Arabidopsis seedlings cul- 
tured under N-rich conditions were transplanted 
to a medium devoid of N, we observed imme- 
diate induction of seven CEP genes (CEPI, CEP3, 
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and further up-regulation for up to 24 hours 
(Fig. 2, D to F). Induction levels correlated well 
with external N status, being stronger at lower 
concentrations of nitrate, ammonium, and glutamine 
in the medium (Fig. 2G and fig. S9A). Dep- 
rivation of other macronutrients such as phos- 
phate and potassium showed no effect on CEP 
expression (fig. S9B). These results indicate that 
the 7 CEP genes are up-regulated specifically in 
response to N starvation. 

In a heterogeneous N environment, N starva- 
tion on one side of the roots can up-regulate 
nitrate transporter genes in a distant part of 
the roots exposed to a N-rich medium to com- 
pensate for N deficiency (2-4). This long-distance 
systemic response is postulated to be controlled 
by a N-demand signal emitted from the N-starved 
roots and is prominent when only nitrate is available 
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as a nitrogen source (2-4). If the CEP family 
peptides are involved in systemic N-demand 
signaling, we would expect the compensatory 
N acquisition response to be abolished in the 


ceprl-1 cepr2-1 mutant. To test this possibility, 
we used a split-root culture system, in which the 
root system of a plant is separated into two parts 
exposed to different nutrient conditions (Fig. 3A). 
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cepr1-1 cepr2-1 roots, as determined by NO37 influx at 0.2 mM and 10 mM (mean + SD of triplicates, *P < 
0.05 by Student's t test. (B) qRT-PCR of NRT transcripts in the roots of wild-type Arabidopsis seedlings 
treated with 1 uM CEPI for various periods of time. Significant differences between treatments are indicated 
with different letters (P < 0.05, one-way analysis of variance. (C) qRT-PCR of NRT2.1 transcripts in roots of 
wild-type, cepr1-1, cepr2-1, and cepr1-1 cepr2-1 seedlings treated with 1 uM CEPI for 24 hours. (D) qRT-PCR of 
CEP transcripts in the roots of wild-type seedlings subjected to N starvation for various periods of time. CEP2 
transcripts were not detected. (E) Histochemical staining of roots of 10-day-old seedlings transformed with 
the CEP6pro:GUS gene before (top) and after (bottom) N starvation for 24 hours. Scale bar, 0.2 mm. 
(F) Cross section of N-starved lateral roots pictured in (E). Scale bar = 2 um. (G) qRT-PCR of CEP 
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was starved for N for 24 hours (mean + SD of triplicates). (©) qRT-PCR of NRT2.1 transcripts on each side of a 
split-root system of wild-type plants, in which one side was treated with 1 uM CEP1 for 24 hours. (D and E) qRT- 
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We transferred one side of the split-root system 
to a medium lacking N, whereas the other side 
was kept in a medium containing 10 mM NO, . In 
wild-type plants, we observed up-regulation of 
NRT2.1, NRT3.1, and NRT1.1 in the roots exposed 
to the N-rich medium after 24 hours (Fig. 3B and 
fig. S10, A and B), accompanied by induction of 
CEP genes in the portion of the root system di- 
rectly experiencing N starvation (fig. S10C). In 
contrast, no such systemic up-regulation of ni- 
trate transporter genes was detected in the roots 
of the cepri-1 cepr2-1 mutant, despite local induc- 
tion of CEP genes in the N-starved roots (Fig. 3B 
and fig. S10, A, B, and D). These results indicate 
that CEP family peptides are components for 
systemic N-demand signaling in roots. 

We then analyzed whether systemic induc- 
tion of nitrate transporter genes is observed in 
a split-root system in response to CEP1 treatment 
instead of N starvation. When both sides of a 
split-root system were cultured in the presence of 
10 mM NO; and one side was treated with 1 uM 
CEP1, we observed up-regulation of NRT2.7 in 
the untreated distant roots as well as the treated 
roots (Fig. 3C). This systemic response was de- 
tectable as early as 6 hours after CEP1 treatment 
(fig. SIOE). NR7T3.1 and NRT1.1 also showed sim- 
ilar systemic responses (fig. S10, F and G). These 
results indicate that CEP1 mediates systemic 
up-regulation of nitrate transporter genes over 
long distances in roots. Our observation that, in 
contrast to N starvation, CEP1 treatment on one 
side in the presence of 10 mM NO; causes up- 
regulation of NRT2.1 on both sides of a split-root 
system suggests that CEP-mediated up-regulation 
of nitrate transporters may also reflect the ba- 
lance of local external NO, availability and nu- 
tritional status of the whole plant. 

Finally, to analyze whether root-derived CEP1 
is perceived directly in roots or perceived in shoots 
and then induces a descending secondary signal 
that up-regulates nitrate transporters, we performed 
split-root experiments combined with reciprocal 
grafting between cepri-1 cepr2-1 and wild-type 
plants. When ceprI-1 cepr2-1 mutant scions were 
grafted onto wild-type rootstocks by hypocotyl- 
to-hypocotyl grafting followed by treating one 
side of the root system with CEP1, we observed 
no up-regulation of NR7T2.1 on either side of the 
root system (Fig. 3D). In contrast, when wild-type 
scions were grafted onto cepri-1 cepr2-1 mutant 
rootstocks, root-applied CEP1 caused substantial 
systemic up-regulation of NRT2.1 on both sides of 
the root system, even though the rootstocks them- 
selves expressed no CEP receptors (Fig. 3D). In 
split N-starvation experiments, we confirmed that 
systemic up-regulation of NR7T2.1 in roots was in- 
duced only when wild-type scions were grafted 
onto cepri-1 cepr2-1 mutant rootstocks (Fig. 3E). 
These results indicate that CEPRs expressed in the 
shoots are responsible for the CEP-mediated sys- 
temic up-regulation of nitrate transporters in roots 
and that root-derived CEP is graft-transmissible 
from roots to shoots. Further supporting the mo- 
bile nature of CEP family peptides, we detected 
endogenous CEPs in xylem sap collected from 
Arabidopsis plants (fig. S11, A to G). The levels in 
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xylem sap were high under N-starved conditions 
but lower under N-rich conditions. 

Altogether, the available evidence from molec- 
ular and physiological analyses of CEP-CEPR ligand 
receptor pairs suggests that CEP acts as a root- 
derived ascending N-demand signal to the shoot, 
where its perception by CEPR leads to the pro- 
duction of a putative shoot-derived descending 
signal that up-regulates nitrate transporter genes 
in the roots. This mechanism supports N acqui- 
sition, especially when NO, is unevenly distrib- 
uted within the soil. CEP family peptides induced 
on one side of the roots by local N starvation 
mediate up-regulation of nitrate transporter genes 
in the distant part of the roots exposed to N-rich 
conditions to compensate for N deficiency. 

The systemic mode of action of CEP family pep- 
tides in N-demand signaling is reminiscent of that 
of Rhizobium-induced, xylem-mobile CLE pep- 
tides that suppress excess nodulation in legume 
plants, although CEP plays a role opposite to that 
of CLE in terms of lateral organ formation (5, 12, 13). 
Plants, as sessile organisms, continuously face 
a complex array of environmental fluctuations 
and have evolved sophisticated responses to cope 
with them. Given that CEP family peptides are 
conserved throughout vascular plants except for 
ferns (8, 9), peptide-mediated root-to-shoot-to- 
root long-distance signaling is likely to be a gen- 
eral strategy employed by all higher plants for 
environmental adaptation. 
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TROPHIC CASCADES 


Large carnivores make savanna tree 
communities less thorny 


Adam T. Ford,»?* Jacob R. Goheen,”? Tobias O. Otieno,” Laura Bidner,”* 
Lynne A. Isbell,”** Todd M. Palmer,” David Ward,° Rosie Woodroffe,””” Robert M. Pringle”’* 


Understanding how predation risk and plant defenses interactively shape plant 
distributions is a core challenge in ecology. By combining global positioning system 
telemetry of an abundant antelope (impala) and its main predators (leopards and wild 
dogs) with a series of manipulative field experiments, we showed that herbivores’ 
risk-avoidance behavior and plants’ antiherbivore defenses interact to determine tree 
distributions in an African savanna. Well-defended thorny Acacia trees (A. etbaica) were 
abundant in low-risk areas where impala aggregated but rare in high-risk areas that 
impala avoided. In contrast, poorly defended trees (A. brevispica) were more abundant in 
high- than in low-risk areas. Our results suggest that plants can persist in landscapes 
characterized by intense herbivory, either by defending themselves or by thriving in risky 


areas where carnivores hunt. 


he observation that most ecosystems sup- 

port abundant plant life, despite the ex- 

istence of herbivores that eat plants, has 

motivated a great deal of research and de- 

bate in ecology. Two broad hypotheses 
have been advanced to explain this phenome- 
non. The green world hypothesis (1) posits that 
predators indirectly benefit plants by suppress- 
ing herbivory; such trophic cascades occur when 
carnivores consumptively reduce herbivore den- 
sities or trigger risk-avoidance behaviors (such 
as increased vigilance or refuge-seeking) that 
reduce plant consumption (2, 3). In contrast, 
the plant defense hypothesis contends that 
the world is green because plants have evolved 
structural and chemical defenses that inhibit 
consumption (4, 5), often at a cost to their 
growth and competitive ability (6, 7). Although 
traditionally viewed as alternatives, these hy- 
potheses are no longer thought to be mutually 
exclusive (7, 8). A key challenge for contempo- 
rary ecology is to understand how plant de- 
fense and predation interact across landscapes 
to shape a green world (8). 

We evaluated how the combination of plant 
defense and risk avoidance by a common African 
ungulate (impala, Aepyceros melampus) deter- 
mined the outcome of a trophic cascade in an 
East African savanna. Impala consume a mixture 
of grasses and trees (“browse”) (9) and are preyed 
upon by several carnivores, especially leopards 
(Panthera pardus) and African wild dogs (Lycaon 
pictus) (fig. S1). We tested three hypotheses (Fig. 1) 


Department of Zoology, University of British Columbia, 
Vancouver, BC, Canada. *Mpala Research Centre, Post Office 
Box 555, Nanyuki, Kenya. “Department of Zoology and 
Physiology, University of Wyoming, Laramie, WY, USA. 
‘Department of Anthropology, University of California, Davis, 
CA, USA. °Department of Biology, University of Florida, 
Gainesville, FL, USA. °School of Life Sciences, University of 
KwaZulu-Natal, Scottsville, South Africa. “Institute of 
Zoology, Zoological Society of London, Regent's Park, 
London, UK. ®Department of Ecology and Evolutionary 
Biology, Princeton University, Princeton, NJ, USA. 
*Corresponding author. E-mail: atford@zoology.ubc.ca 


to explain the structure of this food web: (i) 
Predation risk drives habitat selection by impala; 
(ii) impala prefer to eat less-thorny tree species, 
thereby suppressing their abundance; and (iii) 
predation risk thus differentially influences the 
distribution of thorny versus less-thorny Acacia 
trees (table S1). 

To test our first hypothesis, we quantified hab- 
itat selection by impala, using resource selection 
functions, global positioning system (GPS) te- 
lemetry, and high-resolution (0.36-m”) satellite 
imagery (10) (fig. S2). Specifically, we quantified 
the selection of woody cover, which represents 
forage for impala (9) but could also increase risk 
by concealing predators (J/, 12). We also tracked 
how impala used two discrete habitat features 
typified by low versus high woody cover (fig. $3): 
(i) “glades,” which are ~0.5-ha clearings (with 8% 
mean tree cover) derived from abandoned cattle 
corrals, covered with nutrient-rich grasses, and 
maintained through grazing by wildlife (13, 14); 
and (ii) “thickets,” which are <100-m-wide strips 
of woody vegetation (with 25% cover) along the 
edges of dry channels. We then quantified the 
relationship between woody cover and two com- 
ponents of risk: (i) relative probability of encoun- 
tering predators, assessed using resource-selection 
functions of leopards and wild dogs for woody 
cover; and (ii) per-capita risk of mortality from 
predation, measured as the spatial distribution 
of kill sites relative to the spatial distribution of 
impala (10). 

Impala avoided woody cover (Fig. 2A) and 
aggregated in glades and other open habitats, 
especially during times of the day when their 
predators are most active (tables S2 and S3). 
Both the relative probability of encountering 
predators (Fig. 2A) and the per-capita risk of 
mortality from predation (Fig. 2B) increased 
with increasing woody cover. Leopards and 
wild dogs accounted for 83% of impala kills (52 
and 31% respectively; fig. S1), and kill sites from 
all carnivore species occurred in areas with similar 
amounts of woody cover (F»,5; = 0.765, P = 0.47). 
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Thus, a single cue—woody cover—integrated two 
components of risk (encounters and mortalities) 
arising from the two major predators of impala. 


Fig. 1. Food web hypotheses tested in our study. Solid and 
dashed arrows represent direct and indirect effects, respectively. 
Red arrows represent negative effects, green arrows represent 
positive effects, and gray arrows represent either neutral or positive 


Although impala avoided risky areas, this be- 
havior might be explained by selection for the 
nutrient-rich grasses that characterize glades 
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and open habitats (14). We tested this alter- 
native hypothesis by experimentally removing 
all woody cover from five 0.5-ha plots, thereby 
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effects. Hypothesis 1: The risk of predation from large carnivores ] ] 

drives habitat selection of impala. Hypothesis 2: Impala both prefer 

and suppress the densities of poorly defended plants. Hypothesis 3: ] 
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Fig. 2. Impala avoid risky areas, characterized by increasing woody cover. 
(A) Habitat selection by impala (green, B = -1.99 + 0.14, n = 20 impala, P < 
0.001), leopards (red, B = 3.42 + 0.14, n = 4 leopards, P < 0.001), and wild 
dogs (pink, B = 1.64 + 0.19, n = 5 wild dogs, P < 0.001), where the Bs rep- 
resent population-level coefficients from resource selection functions for 
woody cover. Positive and negative coefficients indicate selection and avoid- 
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abundance of 
thorny trees. 
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Hypothesis2 2 
Impala prefer 
and suppress 
less-thorny trees. 


Risk of mortality 


ance of woody cover, respectively. (B) The predicted per-capita risk of 
mortality from predation [1.70 + 0.228 x In(woody cover)], coefficient of 
determination based on pooled kill sites from all large carnivores (fig. S2). 
Values <1 and >1 indicate that kill sites occur less or more than expected, 
respectively, relative to the spatial distribution of impala. Shading indicates 
95% prediction intervals. 
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Fig. 3. Impala both preferentially consume and sup- 
press Acacia spp. lacking large thorns. The presence 
of long thorns significantly reduced impala’s preference 
for (A) A. brevispica and (B) A. etbaica in feeding 
experiments [likelihood ratio (LR) = 4.76, P = 0.029). 
The effects of species and species x thorns on pref- 
erence were nonsignificant (10). A value of 1 (dashed 
line) indicates that diet preference (leaf consumption) 
occurred randomly among the four treatments, whereas 
values >1 indicate selection and values <1 indicate 
avoidance. Over a 5-year impala exclusion experiment, 
the net density (stems/ha) of (C) A. brevispica, which 
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-- 
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lacks long thorns, increased in plots where impala A 
were absent (LR: x7; = 12713, P < 0.001); in contrast, o 
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nificant influence of season on their use of open 
habitat (tables S2 and S3). Hence, risk avoidance 
appears to drive habitat selection by impala. 

We next tested our second hypothesis: that 
impala prefer and consequently reduce the abun- 
dance of poorly defended plants. We started by 
quantifying the effect of plant defenses on diet 
preference, focusing on two common Acacia 
species (A. brevispica and A. etbaica) that to- 
gether constitute ~80% of trees in the study area 
(13) and differ in traits that may affect the diet 
preference of herbivores (4-8): A. brevispica has 
shorter thorns (<0.6 cm versus <6.0 cm) but 
higher condensed-tannin concentrations than 
A, etbaica (table S5). To measure the impact of 
these traits on diet preference, we removed thorns 
from A. etbaica branches and attached them to 
A. brevispica branches; we then presented both 
types of manipulated branches alongside unma- 
nipulated controls of each species to free-ranging 
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cover increases. Shown 

are (left) the mean 

proportions of GPS 0.0 
relocations per individual 

(n = 20 adult female 

impala located at 20-min 

intervals in 2011-2012) 

within each of four 

classes of woody cover; 

the proportions of poorly 

defended A. brevispica 

(middle left) and well-defended A. etbaica (middle right) among the total number of trees within 108 
randomly located 200 m? transects; and (right) the availability of woody cover within impala home ranges. 
Additionally, in Poisson regressions, woody cover had a positive effect on the number of A. brevispica 
stems [1.96 + exp(3.74 x woody cover); P < 0.001] and a negative effect on the number A. etbaica stems 
[1.52 + exp(—1.03 x woody cover); P = 0.011]. Error bars indicate +1 SEM. 


Impala 
locations 


A.brevispica A.etbaica 
stems 


Impala 
stems home ranges 


a 


than for unmanipulated A. etbaica (Fig. 3, A 
and B). This preference for A. brevispica was 
due to differential thorniness: The removal of 


impala in a cafeteria-style feeding experiment. 
Mean leaf selection by impala was 1.4 times 
greater for unmanipulated A. brevispica branches 
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A. etbaica’s long thorns increased leaf selection 
to levels commensurate with that of unmanipu- 
lated A. brevispica, whereas selection for thorn- 
addition A. brevispica was roughly equal to that 
of unmanipulated A. etbaica (Fig. 3, A and B). 
Thus, we conclude that A. brevispica is preferred 
relative to A. etbaica and that this preference is 
determined by thorns rather than tannins or 
other species-specific attributes. 

Next, we considered whether the diet pref- 
erence of impala could alter the abundance 
of Acacia species. We therefore measured the 
net change in the density of tree stems from 
2009-2014 within nine replicate sets of 1-ha herbi- 
vore exclosures that independently manipu- 
lated megaherbivores [elephants (Loxodonta 
africana) and giraffes (Giraffa camelopardalis)], 
mesoherbivores [impala and eland (Taurotragus 
oryx)], and small browsers [dik-dik (Madoqua 
guentheri)], using electrified wires at different 
heights (15). We isolated the effects of impala on 
Acacia species by comparing the megaherbivore 
and mesoherbivore-exclusion treatments; we at- 
tributed mesoherbivore-driven effects on tree 
density to impala because they account for ~87% 
of browser biomass in this size class (9). The ex- 
clusion of impala increased the net stem density 
of the preferred and poorly defended A. brevispica 
by 233% (Fig. 3C). Conversely, net stem density 
of well-defended A. etbaica increased by 692% 
in plots accessible to impala as compared to 
impala-exclusion plots (Fig. 3D). This increase 
in A. etbaica in plots where impala were present 
is perhaps due to reduced competition with 
A. brevispica (15, 16). Thus, although impala 
consumed leaves from both Acacia species (Fig. 3, 
A and B), the long thorns of A. etbaica enabled 
them to avoid suppression by impala. 

To evaluate our third and final hypothesis, 
we related spatial patterns in the abundance of 
these two Acacia species to satellite-derived esti- 
mates of woody cover. We counted all trees in 108 
transects (200 m7?) located near randomly se- 
lected glades and thickets throughout our 140-km? 
study area. The abundance of A. brevispica in- 
creased monotonically with satellite-derived es- 
timates of woody cover (i.e., risk) across these 
transects, whereas A. etbaica became scarcer as 
woody cover increased (Fig. 4 and fig. S4). Risk 
avoidance by impala (Fig. 2) was functionally 
analogous to impala exclusion by electrified 
fences (Fig. 3, C and D): Our results consistently 
showed that the absence of impala herbivory 
increased the prevalence of poorly defended trees 
but not the prevalence of well-defended trees. Thus, 
tree communities became less thorny as preda- 
tion risk arising from large carnivores increased 
(Fig. 4). 

Collectively, our results show that the nature 
of trophic control is contingent on biotic context: 
namely predation risk and plant defenses (Fig. 1). 
Both mechanisms enable plants to thrive in dif- 
ferent parts of the landscape: Where risk is high, 
poorly defended trees are released from brows- 
ing, resulting in a trophic cascade; where risk is 
low, intense herbivory increases the benefit of 
defenses, creating communities dominated by 
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thorny trees. Consequently, the thorniness of tree 
communities decreased across the landscape be- 
cause of the way in which impala responded to 
spatial variation in predation risk, and also be- 
cause of the way plant defenses affected impala’s 
diet preference. 

Human activities—both past and present— 
exert a major influence on the interactions be- 
tween carnivores, impala, and the tree community. 
Glades represent the legacy of traditional live- 
stock production (17), generating a constellation 
of refugia that has shaped the spatial distribution 
of impala herbivory. However, the loss of large 
carnivores will make landscapes less risky (J8), 
decoupling the spatial interplay of risk avoidance 
and herbivory. The loss of carnivores will also 
render obsolete the need for pastoralists to corral 
their cattle nightly, eliminating the formation of 
glades. Consequently, human-driven extirpation 
of large carnivores from African savannas (2) will 
reduce spatial variation in plant communities, 
leading to a world that is thornier, but still green. 
As large-carnivore populations continue to de- 
cline globally, understanding the context in which 
predators shape key ecosystem processes is an 
urgent priority (19). Studies integrating risk of 
predation and plant defenses will constitute a 
major step toward this goal. 
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CLIMATE CHANGE 


Increased variability of tornado 
occurrence in the United States 


Harold E. Brooks,’* Gregory W. Carbin,” Patrick T. Marsh” 


Whether or not climate change has had an impact on the occurrence of tornadoes in the 
United States has become a question of high public and scientific interest, but changes 
in how tornadoes are reported have made it difficult to answer it convincingly. We show 
that, excluding the weakest tornadoes, the mean annual number of tornadoes has remained 
relatively constant, but their variability of occurrence has increased since the 1970s. This is 
due to a decrease in the number of days per year with tornadoes combined with an 
increase in days with many tornadoes, leading to greater variability on annual and monthly 
time scales and changes in the timing of the start of the tornado season. 


eparating nonmeteorological effects in the 
official database of tornadoes in the United 
States from actual meteorological ones 
has made interpreting the existence and 
causes of long-term physical changes in tor- 
nado occurrence extremely difficult (7). Non- 
meteorological effects in the database result from 
changes in the emphasis on, and methodology of, 


collecting reports, and from how tornadoes are 
observed. The mean occurrence of well-reported 
aspects of the database, such as the mean annual 


INational Oceanic and Atmospheric Administration 
(NOAA)/National Severe Storms Laboratory, Norman, OK 
73072, USA. *NOAA/National Weather Service Storm Prediction 
Center, Norman, OK 73072, USA. 

*Corresponding author. E-mail: harold.brooks@noaa.gov 


17 OCTOBER 2014 + VOL 346 ISSUE 6207 349 


RESEARCH | REPORTS 


number of all but the weakest tornadoes and 
their locations, has appeared to show little or no 
consistent trend (2). In light of the long-term 
warming of the globe and the United States, the 
apparent lack of relationship between large-scale 
temperature and tornadoes has led to questions 
about long-term changes in occurrence in the fu- 
ture (3, 4). 

As a result of the nonmeteorological effects on 
the tornado database, much of the research has 
focused on developing covariates that relate 
environmental conditions to the occurrence of 
tornadoes and looking at distributions of those 
covariates in time and space, mimicking a pro- 
cess seen in operational weather forecasting (5-8). 
Unfortunately, the approach of using covariates 
has produced more robust results for severe thun- 
derstorms (including large hail and strong non- 
tornadic winds) than for tornadoes themselves. 
Environments with large values of convective 
available potential energy (CAPE) favor severe 
thunderstorms because they support strong up- 
drafts and large values of wind shear (the change 
of the environmental horizontal winds with height, 
over the lowest ~6 km of the atmosphere), a factor 
that leads to rotation of the storm. In general, 
the CAPE term is projected to increase in the 
United States with warming over the next cen- 
tury, and the shear term is projected to decrease, 
with the net effect being that the frequency of 
environments supportive of severe thunderstorms 
is projected to increase over the 21st century, but 
the fraction of those storms that are tornadic may 
decrease, so that it is difficult to have confidence 
in changes in mean tornado occurrence. (7, 8). 

Part of the problem with tornado discrim- 
ination has to do with the sample size and the 
strength of the statistical relationships between 
events and environments, and part to limitations 
of the descriptions of the environments, both 
from raw and processed observations, as well as 
from numerical prediction models. In particular, 
most of the variables associated with discrimi- 
nating tornadic from nontornadic environments 
in forecasting are typically concentrated in the 
lowest 1 km of the atmosphere and, as such, re- 
quire high-vertical-resolution data in that layer 
(5, 9, 10). Recent results from analysis of the 
higher-resolution climate simulations have sug- 
gested that the frequency of environments sup- 
portive of tornadoes will increase in a warming 
climate, particularly in springtime, based on an 
increase in the frequency of high values of wind 
shear in the lowest 1 km (8). 

The long-term annual database of (E)F1 [F 
is for Fujita, and E is for Enhanced; the Fujita 
scale is used for damage ratings before March 
2007, and the Enhanced Fujita Scale (7) for dam- 
age ratings since then, with 0 being the weakest 
and 5 the strongest] and stronger tornadoes from 
1954 to 2013 shows much interannual variabil- 
ity but no long-term linear trend (Fig. 1). Despite 
the lack of a long-term annual trend, changes 
in the distribution of tornado occurrence are 
present at shorter time scales. In the past 15 years 
(1999-2013)—a quarter of the database—the largest 
number of (E)F1+ tornadoes occurring in a cal- 
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endar month have been during the 6 months of 
January, February, April, May, September, and 
October (table S1). Only two of the monthly 
maxima are in the first half of the 1954-2013 
period (March and December). On the other 
hand, records for the fewest number of (E)F1+ 
tornadoes in a calendar month have been set 
in 5 different months (February, May, June, July, 
and September) and tied in 2 other months 
(January and November) in 1999-2013. (There 
are seven Januarys, three Novembers, and four 
Decembers with no tornadoes.) The only calen- 
dar month with a nonzero record minimum for 
(E)F1+ tornado occurrence in the 1954 to 1983 
period is March. Thus, 11 monthly records (of 
either sign) and two ties have occurred in the 
final quarter of the observational period. Exclud- 
ing the zero-tornado months, there are more ex- 
treme months in the most recent 15 years of the 
database than in the first 45 years, and those ex- 
tremes are essentially equally balanced between 
minima and maxima. A more complete picture 
of the increase in variability of monthly tornado 
occurrence can be seen by considering the var- 
iability of ranks of monthly tornado counts. For 
each calendar month, we have ranked the tor- 
nado count from 1 (fewest) to 60 (most), with 
ties being assigned the mean value of ranks for 
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the ties. The standard deviation (SD) of ranks 
calculated over a 15-year period has increased 
from 15.1 in the first 15 years to 18.8 in the most 
recent 15 years of the database. The overall SD of 
the ranks is 17.3, with a 95% confidence interval 
(CI) for a 15-year period of (16.1, 18.4) (Fig. 2). 

Another aspect of the tornado database that 
has shown increased variability is the timing of 
the beginning of the “tornado season.” The defi- 
nition of the beginning of the season is some- 
what ambiguous and arbitrary. Any apparently 
objective definition will have the subjectivity of 
what the definition values as most important. 
One could consider what day was the first to have 
more than some threshold (such as any tornado, 
or 10 tornadoes, for example) or the date when 
some accumulated total of tornadoes or tornado 
days has been reached. Unlike tropical cyclones 
in the North Atlantic, which have a season from 
June to November, there are no times of the year 
in which conditions make it almost certain that 
the event will never occur. Tornadoes have oc- 
curred on every calendar day of the year in the 
United States in the past 60 years. Defining the 
beginning of the tornado season as the date of 
the first tornado leads to the possibility of a sin- 
gle event on 1 January making it appear that the 
season got off to an early start, even though there 
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might not be another tornado for many weeks. 
Here, we take advantage of the fact that the 
minimum probability of tornado occurrence 
in the United States is close to 1 January and 
start counting (E)F1+ tornadoes on that date. 
For simplicity, we have chosen to designate as 
the beginning of the season the Julian date on 
which the count of (E)F1+ tornadoes reaches 
50, which is ~10% of the way to the long-term 
annual mean of 495 tornadoes (Fig. 3 and table 
$2). The long-term linear trend in the date of the 
50th tornado is statistically insignificant (-0.07 
days/year), with a mean of 22 March. The four 
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latest starts to the season all have occurred in the 
1999 to 2013 period. Five of the 10 earliest starts 
have occurred in that period, and 7 out of 10 if 
we look at the past 17 years. The date of the 50th 
(E)F1+ tornado occurs between 1 March and 
10 April in only 6 of the past 17 years, but in 40 
of the first 43 years in the database. Thus, de- 
spite a small change in the mean date of occur- 
rence, the latter portion of the period has seen a 
dramatic increase in the years with early and 
late starts to the tornado season. 

Additional indications of a change in var- 
iability are shown by examining the number of 
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Fig. 3. Julian date of occurrence of 50th (E)F1+ tornado for each year, 1954-2013. 
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Fig. 4. Number of days per year with at least one and more than 30 (E)F1+ tornadoes. Black 
squares indicate one (E)F1+ tornado, and gray triangles indicate more than 30. Large dots and lines 
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tornadoes on convective days. Since the early 
1970s, the number of days with at least one (E) 
Fl+ tornado in the United States has decreased 
from a mean of 150 to a mean of 100 (Fig. 4). 
Over the same period, the number of days with 
many tornadoes has increased dramatically. For 
example, the frequency of days with more than 
30 (E)F1+ has increased from 0.5 to 1 days per 
year in the 1960s and 1970s to 3 days per year 
over the past decade. The most recent year with 
fewer than 2 days was 2002. The only 2 years 
with more than 750 (E)F1+ tornadoes were 2011 
(897) and 1973 (888). The manner in which these 
2 years accumulated large numbers of tornadoes 
was quite different. 1973 had the most days with 
(E)F1+ tornadoes, 187, in which only 2 days had 
more than 30. In contrast, 2011 had only 110 days 
with at least one (E)F1+ tornado, but 9 of those 
days had more than 30. 2011 had as many days 
with more than 30 as the entire period from 1961 
to 1981, despite having fewer days with one or 
more tornado than that of any of the individual 
years from the earlier period. 

The different characteristics of the “at least 
one” and “many” daily tornado categories is in- 
formative. The fact that the two series move in 
opposite directions is very difficult to explain as 
a result of changes in how they are reported. 
Increased likelihood of reporting should lead to 
an increase in both the probability that a day 
has at least one (E)F1+ tornado and that a large 
number occurs on any particular day. It still is 
possible that the observed changes are the re- 
sult of some nonmeteorological factors, but that 
would require a complex set of influences acting 
in opposite directions, making it exceedingly un- 
likely. Unfortunately, the nature of the database 
makes it impossible to be absolutely certain. 

The change in the distribution of number of 
tornadoes per day drives most of the results dis- 
cussed earlier. In effect, there is a lower probabil- 
ity of a day having a tornado, but if a day does 
have a tornado, there is a much higher chance of 
having many tornadoes. As a result, tornadoes are 
“concentrated” into a smaller number of days in 
more recent years. Approximately 20% of the 
annual tornadoes in the most recent decade have 
occurred on the three “biggest” days of each year, 
in contrast to 10% in the earlier period. This con- 
centration leads to the potential for short pe- 
riods of time, such as months, to have extreme 
(both large and small) numbers of tornadoes. 
Thus, the large number of monthly records for 
most and fewest tornadoes in recent years would 
be predicted from the change in distribution. 
Similarly, the increased variability of the date 
of the 50th (E)F1+ tornado would be expected 
from the same process. When a day with many 
tornadoes occurs early in the year, it increases 
the likelihood of an early start to the season, but 
in the absence of days with tornadoes, implied 
by the lower probabilities of any tornado, the 
season will have a late start. 

At this point, we cannot offer a physical hy- 
pothesis for the increased variability, but our 
analysis implies that a change in the areal dis- 
tribution of favorable environmental conditions, 


17 OCTOBER 2014 + VOL 346 ISSUE 6207. 351 


RESEARCH | REPORTS 


or in the probability of a tornado given favorable 
environmental conditions, is involved. Deter- 
mining the relative contribution will require the 
continued development of relationships between 
environments and events (11, 12), which will de- 
pend on the quality of high-resolution reanalysis 
products of the atmosphere (13-15). How such a 
change would relate to the increase in global 
temperature, if it relates at all, is unknown at 
this time. Nevertheless, if the variability conti- 
nues to increase, it could lead to an even greater 
concentration of tornadoes on fewer days. 
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ION CHANNELS 


Ion permeation in K* channels occurs 
by direct Coulomb knock-on 


David A. Képfer,'t Chen Song,?*+ Tim Gruene,” George M. Sheldrick,” 


Ulrich Zachariae,***+ Bert L. de Groot!*{ 


Potassium channels selectively conduct K* ions across cellular membranes with extraordinary 
efficiency. Their selectivity filter exhibits four binding sites with approximately equal 
electron density in crystal structures with high K* concentrations, previously thought to 
reflect a superposition of alternating ion- and water-occupied states. Consequently, 
cotranslocation of ions with water has become a widely accepted ion conduction mechanism 
for potassium channels. By analyzing more than 1300 permeation events from molecular 
dynamics simulations at physiological voltages, we observed instead that permeation 
occurs via ion-ion contacts between neighboring K* ions. Coulomb repulsion between 
adjacent ions is found to be the key to high-efficiency K* conduction. Crystallographic 
data are consistent with directly neighboring K* ions in the selectivity filter, and our model 
offers an intuitive explanation for the high throughput rates of K* channels. 


otassium (K*) channels play fundamental 
roles in almost all cell types. They are essen- 
tial elements in cellular electric excitability 
and help maintain the resting potential in 
non-excitable cells. Their universality is 
based on a unique combination of strong selec- 
tivity for K* ions and near-diffusion-limited per- 
meation efficiency (J). Common to all K* channels 
is the highly conserved K" selectivity filter (SF), 
which underlies both their exquisite K* selectivity 
and high conduction rates. A wealth of K* channel 
structural information has been acquired since 
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1998 (2). The structures revealed that the SF is 
formed at the interface of four channel subunits, 
each contributing a linearly extended backbone 
of five or six residues (Fig. 1A, left), the carbonyl 
groups of which point into a four-fold symmetric 
narrow pore (2). This arrangement generates 
four equidistant K* binding sites (S, to S4; Fig. 1A, 
right) (2-5). 


Anomalous scattering data from the bacterial 
K* channel KesA from Streptomyces lividans, in 
whose SF K* ions were replaced with TI*, had 
originally been interpreted as a superposition of 
two states, each displaying occupation with two 
alkali ions alternating with water (Fig. 1B) (4). 
This interpretation still forms the basis for the 
commonly accepted K* conduction mechanism, 
which suggests cotranslocation of ions with 
water (4, 6-9) (fig. SI). Any possible closer 
grouping of K* ions had been excluded owing 
to the expectation that the electrostatic repul- 
sion between the ions would prohibit such an 
arrangement (4, 9), although it was noted that 
geometrically, the ions could fit in the filter side 
by side (9, 10). The notion of K*-water cotrans- 
location has been applied to other K* channels 
(11-14), and similar mechanisms have been 
reported in equilibrium (10, 75-18) and non- 
equilibrium (19-27) simulation studies. In most 
of these, biasing restraints were applied on the 
filter and/or supraphysiological transmem- 
brane voltages were applied to elicit ion trans- 
fer (19-21). However, alternative computational 
studies demonstrated that multiple pathways 
may exist, including mechanisms that exhibit 
close ionic contacts and display similar free en- 
ergy barriers to K* permeation (18, 22, 23). It 
has thus remained unclear which mechanism of 
K* permeation predominates under physiological 
conditions. 


Table 1. Occupancy refinement of TI* in the KesA structure (PDB ID 1r3j) and K* in the MthK struc- 
ture (PDB ID 3idc), respectively. The absolute occupancy was determined with SHELXL, which allowed 
for an estimation of the absolute error. Values greater than one are caused by the correlation between 
occupancies and B values. As an independent cross-validation, we calculated the relative occupancies 
based solely on the anomalous signal using SHELXD. 


KesA, refinement of TI* MthK, refinement of K* 


Binding site Residue ID Absolute Relative Residue ID Absolute 
occupancy occupancy occupancy 
Si C401 1.02 + 0.04 1.0 Al 0.92 + 0.07 
So C402 0.93 + 0.03 0.9 A2 0.80 + 0.07 
S3 C403 0.92 + 0.04 0.9 A3 1.00 + 0.09 
Sa C404 0.99 + 0.04 1.0 A4 1.00 + 0.09 
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Enabled by the recent availability of K* crystal 
structures with an open gate (24) and methods to 
simulate ion flux driven by transmembrane ion 
gradients (25), we set out to investigate the mo- 
lecular mechanism of ion transfer across the K* 
channel SF from first principles. We performed 
atomistic molecular dynamics (MD) simulations 
of KesA [Protein Data Bank (PDB) IDs 3f5w, 3fb7, 
and 1k4c] under sustained transmembrane po- 
tentials, evoked by K* ion gradients, to study the 
molecular basis of K* conduction efficiency in the 
physiological voltage range (Fig. 1C). The sim- 
ulations were repeated in the archaeal MthK 
channel from Methanobacterium thermoauto- 
trophicum (PDB ID 3ldc) and the eukaryotic 
K,1.2-K,2.1 chimeric channel (PDB ID 2r9r) (fig. 
S4). In total, we recorded more than 1300 spon- 
taneous K* permeation events within a simula- 
tion time of ~50 us. 

At KCl concentrations of 400 mM, 200 mM, 
and 10 mM, we recorded the number of per- 
meating ions as a function of time, where the 
slope of the curves reflects ion current (Fig. 1D). 
The simulated currents under positive potentials 
are in good agreement with experimentally re- 
ported values (up to a factor of ~2, similar to the 
experimental range of variation). We found that 
sustained currents were restricted to states dis- 
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playing adjacent K* ions in the SF. These in- 
variably involved a K* ion pair at binding sites S, 
and S; in the SF. One ion bound near So, 
frequently exchanging with ions from the bulk 
solution (Fig. 1E), such that S; was left vacant. 
Individual outward permeation events were 
initiated by intracellular K* ions entering into 
the internal channel cavity at binding site S,.,. 
Translocation of the central ions in the SF at S3 
and S, started when a water molecule at S, left 
to generate a vacancy (Fig. 1, F and G). 

At the core of the permeation mechanism is a 
fast, concerted motion of the three ions at bind- 
ing sites S.ay, S3, and So, triggered by positional 
fluctuations of the incoming K* ion between Say 
and S, (Fig. 1H). These motions repeatedly re- 
duce its distance to the ion pair at S, and Sj. A 
subsequent “knock-on” between the ion at S4 
and the S3-S, ion pair ultimately leads to a pro- 
gression of the central ion pair to S, and S; 
(Fig. 1D and to further ion transfers from S, to 
So and from S,4 to S3 (Fig. 1J). These final re- 
arrangements complete the transition by re- 
establishing the initial occupancy pattern of the 
SF (Fig. IE). We observed the direct knock-on 
mechanism in simulations of three KesA crystal 
structures (PDB IDs 3f5w, 3fb7, and 1k4c), MthK 
(PDB ID 3ldc), and the voltage-gated channel 
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chimera K,1.2-K,2.1 (PDB ID 2r9r), independent- 
ly of the force fields and water models used 
(fig. S4 and tables S1 and S82). 

Our finding that direct ion contacts under- 
pin the most efficient K* permeation route in K* 
channels contrasts with the commonly accepted 
transport mechanism, which is based on alter- 
nating ion and water occupation inside the SF. 
Similar direct cation-cation contacts have so 
far mainly been detected in concentrated salt 
solutions (26). The accepted mechanism has pre- 
dominantly been inferred from channel crystal- 
lographic data, among which the anomalous 
data of Tl” ions in the KcsA SF (PDB ID 1r3j) 
played a particularly important role (4). We were 
therefore interested in whether our simulation 
results were compatible with the experimental 
data. Because the original interpretation of the 
anomalous electron density map may contain 
potential drawbacks (such as a degree of depen- 
dence on the quality of the refined model from 
which phases are calculated), we used the pro- 
gram SHELXD (27) to determine Tl* occupancies 
in KcsA solely against anomalous data. This anal- 
ysis established the relative occupancies to be 
equal among all four ions, within experimental 
error. The absolute occupancy was refined by 
SHELXL (28) (Table 1). In addition, K* occupancies 


Fig. 1. Molecular dynamics simulations of voltage-driven K* permeation 
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in KesA. (A) X-ray structures of KcsA crystallized under high K* concentrations 
display six ion-binding sites at the SF (PDB ID 1k4c; for clarity, only two or three 
subunits are shown). (B) The underlying electron density had been interpreted 
as a superposition of two alternating patterns within the SF (K*-water-K*-water 
and water-K*-water-K*). (C) The simulation system consists of two mem- 
branes, each including open KcsA (shown: PDB ID 3f5w), surrounded by water 
and ions, and exhibits a transmembrane voltage gradient. (D) Permeation 
events as a function of time (each step represents the permeation of a single K* 


ion) over 20 individual simulations at 400 mM KCI (set I; see table S1) and in comparison with experimentally measured ion currents [dashed line, data from (36)]. 
The slope of each curve denotes computed or experimental current. The transmembrane voltage measured in experiments and simulations is color-coded from 
light to dark green. (E to J) Observed mechanism and sequence of events during K* translocation. The most frequent ion configuration under voltage contains two 
K* ions at S2 and S3 and a more loosely bound ion at So, leaving a vacancy at S; (E). Permeation starts when a K* ion enters the cavity and binds to Scay (F). Upon 
displacement of a water molecule (G), translocation of the central ions is triggered by fluctuations of the incoming ion between S-ay and Sy, coinciding with release 
of K* from Sg into the solution (H). lons at Sz and Sz advance in a fast, concerted transition (1), followed by the movement of ions at S4 and S; (J), reestablishing the 


initial configuration (E). 
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were refined for MthK (PDB ID 3ldc) (29) and 
Kir3.1 (PDB ID 2qks) (30) (Table 1 and tables S4 
and S5). We consistently find high values close 
to unit occupancy that are consistent with the 
interpretation that close contacts between alkali 
ions occur in the SF. These contacts were iden- 
tified as the key to efficient conduction in our MD 
simulations. Water molecules do not seem to be 
necessary to separate alkali ions in the filter in 
order to shield them from repulsion. As previ- 
ously suggested, and as directly observed in our 
simulations under transmembrane voltage, ion 
conduction in K* channels “in action” relies on 
frequent transitions between substates of differ- 
ent ion occupation, whereas open-activated chan- 
nel states under crystalline conditions are thought 
to be characterized by the presence of electron 
density at all four SF positions (37). Accordingly, 
without applied voltage and at reduced temper- 
ature, the SF occupancy seen in our simulations 
converges to that observed in the crystal struc- 
tures (PDB IDs 1k4c and 3ldc) (fig. $2). 

We next investigated whether the basic phys- 
ical principles of ion translocation in single file 
predetermine close ion-ion contacts to drive effi- 
cient permeation. We modeled the fundamental 
ion translocation event as Brownian diffusion in a 
periodic one-dimensional potential, reflecting the 
sequence of ion-water binding sites in the SF 
(Fig. 2 and supplementary materials). By testing 
various occupation patterns and a range of mem- 
brane voltages, we found that configurations 
with direct contacts between ions consistently 
gave rise to markedly higher transfer rates than 
water-separated patterns in our Brownian dy- 
namics simulations. These results were indepen- 
dent of the ion and water models used and of 
the details of the potential (fig. S6 and supple- 
mentary materials). Under physiologically rele- 
vant voltages, fully ion-occupied systems showed 
a conductance of ~80 pS, whereas those with al- 
ternating ion and water occupancy displayed 
only little permeation, further decreasing with 
increasing water content (Fig. 2). Hence, a simple 


Fig. 2. Brownian dynamics 
simulations of K* ions 
and water across a 
repetitive well potential. 
Potential energy minima 
represent ion or water 
binding sites in the SF 
(insets). Approximately 
equal binding site affinity 
for each species, and hence 
potential depth, is implicitly 
assumed in the accepted 
ion-water cotranslocation 
model. An electric field was 
applied from left to right. 
The highest ionic current is 
seen when K* ions are 
bound in adjacent binding 
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physical model of ion transfer through a confined 
pore with multiple binding sites already predicts 
ion-ion contacts to enhance, and the presence of 
uncharged species to impede, ion permeation. 

Together with the results from our MD sim- 
ulations, the data suggest that water is not 
cotranslocated with K* to a large degree in open- 
activated KcsA. This is seemingly in conflict with 
the ion/water cotranslocation ratio derived from 
measurements of water translocation through 
KesA (32-35). However, these experiments were 
based on the application of high osmotic gradi- 
ents. Water permeation as a result of an applied 
osmotic pressure is likely to lead to ion-depleted 
SF states in which individual ions are only oc- 
casionally dragged along by permeating water 
molecules, whereas bound ions are reported to 
completely block water flux (33, 34). Such ion- 
depleted, and water-permeable, filter states are 
therefore likely markedly different from the 
ion-conductive states at higher ion occupancy 
considered by crystallography and in our MD 
simulations. 

The agreement among the multiple approaches 
we used to study ion flux in K* channels sug- 
gests a consensus mechanism of ion permeation 
across the SF. Figure 3 displays a schematic po- 
tential landscape in the SF according to the main 
observations made in our simulations (Fig. 3A, 
gray). In the resting state under physiological 
membrane voltage, two K* ions bind stably to 
S_ and S; (Fig. 3A, purple). The height of the 
energy barrier (red) prevents transfer of K* from 
S, to S,. As K* enters into S,,, and progresses to 
S,, Coulomb repulsion with the central ions leads 
to their relative energetic destabilization (Fig. 3, B 
and C). This Coulomb interaction also lowers the 
permeation barrier between S, and S, (Fig. 3C). As 
a result, productive translocation of the ion at S, 
can occur (Fig. 3D). Subsequently, translocation 
from S3 to S, lowers the potential energy of the 
ion at S,, while simultaneously the energy of the 
ion at S; is increased (Fig. 3E, red arrows). Owing 
to the new potential energy surface, the initial 
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sites (blue line). When direct ion-ion contacts are only occasionally allowed (red line), the current 
decreases by ~70%. The canonical K*-water-K*-water pattern reduces the maximal current by an order of 


magnitude (green line). 
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ion configuration is then recovered by transfer 
from S, to Ss and exit of the ion at S, from the SF 
(Fig. 3F). This cycle constitutes a full conduction 
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Fig. 3. Energetic basis and mechanism of ion 
permeation in the KcsA selectivity filter. (A) Po- 
tential landscape (gray) of the steady-state sit- 
uation with K* simultaneously bound in Sz and S3 
(purple) and a transmembrane (TM) electric po- 
tential attracting cations toward the extracellular 
face (blue). (B) An incoming K* ion binding to Scay 
alters the potential of the ions at So and S3 as a 
result of Coulomb repulsion (magenta), raising their 
free energy with respect to the bulk and lowering 
the barrier for the ions at S3 and Sp. (C and D) Sub- 
sequent binding of the incoming ion to S, (C) finally 
reduces the barrier sufficiently for the ion at S2 to 
advance to S, (D). (E) The strong destabilization of 
the ion at Sj is simultaneous with an increase in 
stabilization of the incoming ion at S, (red arrows), 
triggered by the transfer of the central ion to Sp. (F) 
In the last step, the ion at Sy binds to S3 while the 
ion at S; leaves the SF, thereby recovering the ori- 
ginal state. 
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step. Notably, the free energy required to de- 
stabilize binding at S, ultimately stems from the 
binding energy of the incoming ion, best seen 
during the transition of the central ion (Fig. 3E, 
red arrows). 

The proposed mechanism predicts an impor- 
tant experimental characteristic of K* channels. 
Because the rate of K* ions leaving the SF at the 
extracellular side is determined by the rate with 
which incoming intracellular ions arrive at the 
filter (movie S1), our model inherently implies 
that K* channels are diffusion-limited as long as 
an ion pair occupies the inner SF binding sites. 
We therefore recorded the occupancy of the in- 
ner SF sites under varying K* concentrations. In- 
deed, we found that ions occupy these positions 
over a broad range of concentrations from 10 mM 
to 400 mM (fig. $3). Taken together, our model 
thus not only accounts for the diffusion control 
of K* channels, but also explains the wide lin- 
ear regime of K* channel conductance above 
~10 mM K* (9), which is a prerequisite for ro- 
bust K* channel function under variable external 
conditions. 

Our permeation model for ion transfer in K* 
channels at physiological voltages relies on re- 
pulsive Coulomb interactions between adjacent 
ions in the SF as the main driver for conduction 
near the diffusion limit (Fig. 3). In re-investigating 
several K* channel structures, we found direct 
ionic contacts to be compatible with the avail- 
able crystallographic data. The results presented 
above demonstrate that these direct contacts are 
not energetically prohibitive. Rather, they serve 
to enhance ion flux to the maximum attainable 
speed over a broad range of concentrations. 
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Structure and selectivity in 
bestrophin ion channels 


Tingting Yang,’ Qun Liu,” Brian Kloss,* Renato Bruni,® Ravi C. Kalathur,? Youzhong Guo," 
Edda Kloppmann,?* Burkhard Rost,”* Henry M. Colecraft,” Wayne A. Hendrickson’”*>* 


Human bestrophin-1 (hBest1) is a calcium-activated chloride channel from the retinal 
pigment epithelium, where mutations are associated with vitelliform macular degeneration, 
or Best disease. We describe the structure of a bacterial homolog (KpBest) of hBestl 
and functional characterizations of both channels. KpBest is a pentamer that forms a 
five-helix transmembrane pore, closed by three rings of conserved hydrophobic residues, 
and has a cytoplasmic cavern with a restricted exit. From electrophysiological analysis 

of structure-inspired mutations in KpBest and hBest1, we find a sensitive control of ion 
selectivity in the bestrophins, including reversal of anion/cation selectivity, and dramatic 
activation by mutations at the cytoplasmic exit. A homology model of hBestl shows the 
locations of disease-causing mutations and suggests possible roles in regulation. 


he human BESTI gene encodes a protein 
[human bestrophin-1 (hBest1)] that is high- 
ly expressed in retinal pigment epithelium 
(-4). More than 120 distinct mutations in 
hBestl have been identified that result in 
multiple retinal degeneration disorders (5-1), 
notably vitelliform macular degeneration or Best 
disease. Functionally, hBest1 was identified as a 
CT channel that can be activated by Ca”* (8, 12, 13), 
and most of the disease-causing mutations in 
hBestl are point mutations that cause channel 
dysfunction (8, 12, 14-16). Thus, understanding 
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the structure of the hBest1 channel holds value 
from both biological and biomedical perspectives. 

The bestrophin family identified by hBest1 is 
distributed widely, with representatives in most 
metazoan animals, including four in humans, 
and also in other eukaryotes and in prokaryotes 
(7, 8). The animal bestrophins are characterized 
by a highly conserved N-terminal domain that 
includes four predicted transmembrane helices 
(TMs) and diverse C-terminal domains that 
may be involved in protein-protein interactions 
(8, 12, 15, 17). Bacterial bestrophins lack the var- 
iable C-terminal domain and are more divergent 
in the transmembrane portion. Using a structural 
genomics approach, we identified a homolog from 
Klebsiella pneumoniae (KpBest) that could be 
produced by recombinant expression for struc- 
tural and functional characterization. The structure- 
based sequence alignment implies 14% identity 
between KpBest and hBestl (fig. S1). 

Initial crystals of detergent-solubilized KpBest 
diffracted poorly; however, constructs from a 
truncation series did yield suitable crystals. The 
initial structure was solved from one of these, 
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grown from a solution containing zinc acetate, at 
2.9 A resolution by single-wavelength anomalous 
diffraction (SAD) at the zinc K-edge resonance. Im- 
proved diffraction was obtained after further trun- 
cation, removing a total of 11 residues from the C 
terminus (fig. S1), and the structure was further 
refined to 2.3 A resolution (tables $1 and $2). The 
building and refinement of the structural model 
were facilitated by five-fold noncrystallographic sym- 
metry. The refined model comprises ordered residues 
from 22, 23, or 24 through 285 or 289 in different 
protomers, plus Zn?* ions and water molecules. 
Bestrophins have been predicted by different 
groups to form dimers, tetramers, or pentamers 
(72, 18). Here, we found that KpBest forms a 
stable pentamer (Fig. 1, A and B, and fig. S2) with 
large intersubunit contacts (26,880 A? total buried 
surface area). The electrostatic potential surface 
is largely negative on the extracellular surface, 


neutral in the transmembrane region, and posi- 
tive at the cytoplasmic membrane surface (Fig. 1, 
C and D). Consistent with the experimentally 
determined topology of hBestl (19), each proto- 
mer has four transmembrane helices and the N 
and C termini both reside on the cytoplasmic 
side (Fig. 1, E and F). Extracellular interhelix 
loops TM1-TM2 (12 residues) and TM3-TM4 (3 
residues) are short, whereas the intracellular 
connection between TM2 and TM3 is long (105 
residues), comprising five helices (a3 to «7) that 
form a separate cytoplasmic domain together with 
the C-terminal helix 10 (red in Fig. 1, E and F). Both 
the transmembrane and the cytoplasmic helical 
bundles appear to have novel folds: Dali searches 
find matches only to fragments of these structures. 

The TM2 helices line the putative ion-conducting 
pore through the membrane, and they continue 
intracellularly as long and curved, but uninter- 


rupted, helices a2 (light blue in Fig. 1, E and F). 
In contrast, TM3/a8 and TM4/a9 are connected 
to the cytoplasmic domain by extended segments 
(4 and 12 residues, respectively). The «9-010 con- 
nection is a loop structure that corresponds to a 
conserved carboxylate-rich segment (EDDDDFE) 
in eukaryotes, possibly playing a role in Ca?* regu- 
lation. This segment has fewer carboxylate residues 
in prokaryotic homologs, but it presents an elec- 
tronegative surface patch in KpBest nevertheless 
(Fig. 1D). The a7 helices (light yellow in Fig. 1F) 
and cytoplasmic portions of «2 line a cytoplasmic 
cavern beneath the transmembrane pore. 

An apparent ion conduction pathway is at the 
center of the KpBest pentamer. A funnel-shaped 
electronegative vestibule, penetrating midway into 
the membrane, precedes a hydrophobic five-helix 
transmembrane pore (Fig. 2A). The pore is fol- 
lowed by a cytoplasmic cavern with a restricted, 


Fig. 1. Crystal structure of KpBest. (A and B) Ribbon diagram of the KpBest pentamer with each protomer colored differently: (A) as viewed from outside the 
membrane and (B) as viewed from the side (rotated 90° through the x axis). (C and D) Electrostatic potential at the molecular surface viewed as in (A) and (B), 
respectively. The contour level is at +5 kT/e; red for negative potential and blue for positive potential. Membrane boundaries in (B) and (D) were calculated by 
OPM (Orientations of Proteins in Membranes) server. (E) 2D topology of a protomer, colored spectrally from dark blue at its N-terminal segment to red at 
its C-terminal segment. (F) Ribbon diagram of a protomer. Colored as in (E). 
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on-axis exit ~46 A below the membrane. The pore 
and upper parts of the cavern are highly con- 
served, whereas outer surfaces and lower parts of 
the cytoplasmic domain are not (Fig. 2B). Over- 
all, the ion permeation pathway has a flower- 
vase shape, with one restriction (radius < 2.0 A) 
from three rings of TM2 residues (162, 166, and 
F70) at the pore and another (1180, radius = 1.2 A) 
at the start of cytoplasmic helix a7 (Fig. 2C). 
Therefore, the structure of KpBest predicts two 
distinct permeation restrictions in the ion passage- 
way, providing a vital clue for the functional 
mechanism of bestrophin channels. Notably, all 
four residues located at the predicted restrictions 
are highly conserved and/or disease related in 
hBest1: 176, F84, and 1205 (KpBest 162, F70, and 
1180, respectively) are identical (fig. S1), whereas 
point mutation of either F80 or 1205 (KpBest 166 
and 1180, respectively) causes retinal disorders 
(6, 20, 21). 

Although eukaryotic bestrophins are known 
as Ca?*-activated Cl’ channels, the function of 
KpBest had not been previously examined. To 
test its function, purified KpBest was fused into a 
planar lipid bilayer with 150 mM of NaCl in both 
the trans (internal) and cis (external) solutions. 
Applying a range of transmembrane potentials 
resulted in well-resolved unitary currents with a 
linear single-channel I-V relationship (Fig. 3, A 
and B), confirming that KpBest is indeed an ion 
channel. Ca?* was not required for KpBest acti- 
vation, as might have been expected given that 
KpBest lacks the C-terminal domain that con- 
tains putative Ca?* binding sites in eukaryotic 
bestrophins (7, 73, 22). Strikingly, with 150 mM of 
NaCl on the cis side and no NaCl on the trans side, 
inward single-channel currents were recorded 
(Fig. 3C) with mean amplitude of -5.3 pA (fig. 
S3A, left), demonstrating that KpBest is a cation 


channel that conducts Na’, unlike Cl-conducting 
eukaryotic bestrophins. To fully assess KpBest 
ion selectivity, reversal potentials under various 
bionic conditions were measured. KpBest is per- 
meable to monovalent cations with rank order 
Na* > K* = Cs* but not to bivalent cations Mg”*, 
Ca?*, or Ba?* (Fig. 3D). It is noteworthy that ion 
channels in the same family can have reversed 
charge selectivity, as exemplified by TMEM16 
Ca?*-activated channels: TMEMI6A and 16B are 
anion channels, whereas TMEMI6F may conduct 
cations (23). 

Despite extensive studies on the ion-conducting 
pores of eukaryotic bestrophins, including hBest1 
and mouse bestrophin-2 (mBest2) (15, 24-26), 
the molecular basis for ion selection in these 
channels is not clear. Our KpBest model predicts 
three critical residues (162, 166, and F70) at the 
first permeation restriction (Fig. 2C) that likely 
control ion selectivity. To test this hypothesis, we 
first examined 166, because it is the only residue 
among the three that is different in KpBest com- 
pared with anion-conducting bestrophin chan- 
nels (where this residue is F) (Fig. 3F and fig. S1) 
(12, 15, 24-27). In bilayer experiments, KpBest 
I66F showed outward current with 150 mM of 
NaCl on the cis side and no NaCl on the trans 
side, indicating that this mutant channel con- 
ducts Cl’ rather than Na* (Figs. 3E, top, and fig. 
$4). To further test this premise in the eukaryotic 
counterpart, wild-type (WT) and F80I mutant 
hBest1 (corresponding to KpBest 166) were trans- 
fected into human embryonic kidney (HEK) 293 
cells, and their reversal potentials were deter- 
mined in whole-cell voltage clamp experiments. 
Consistent with the KpBest1 I66F results, hBest1 
F80I was much less permeable to Cl. compared 
with WT (Py,/Pq = 0.39 for F801, compared with 
Pya/Pq = 0.03 for the WT) (Fig. 3G and fig. S5). 
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Inspired in part by selectivity-flipping changes 
made at F81 (equivalent to KpBest 166) in Drosophila 
melanogaster bestrophin-1 (dBestl) (28), we next 
examined whether KpBest ion selectivity could 
be altered by individually substituting each of 
the hydrophobic pore-lining residues with pos- 
itively charged arginine (R), which in principle 
might favor negatively charged Cl. When puri- 
fied KpBest I62R, I66R, and F70R mutants were 
tested in bilayer experiments, I62R (but not I66R 
or F70R) conducted Cl rather than Na* (Fig. 3E 
and fig. S4). These mutants showed perturbed con- 
ductance amplitudes (fig. S4), indicating effects 
on permeation at all of these sites. Following the 
same logic as for KpBest, the equivalent residues 
on hBesti (176, F80, and F84, respectively) were 
individually mutated to negatively charged glu- 
tamic acid (E). Consistent with the KpBest 
results, only I76E flipped the ion selectivity to Na* 
(Pxa/Pa = 1.54) (Fig. 3G and fig. S5B), although F80E 
and F84E were also less permeable to Cl than WT 
(Pxa/Pa = 0.33 and 0.46, respectively) (Fig. 3G). 
None of the hBest1 mutations significantly affected 
current density (fig. S6). Notably, our results are 
in accord with previous reports: The rectification 
of mBest2 could be altered in opposite directions 
by replacing F80 with either R or E (26), and the 
corresponding F81E mutation of dBestl flipped 
the cation/anion selectivity (28). Taken together, 
using our KpBest model as a guide, we have iden- 
tified three residues that sensitively affect ion 
selectivity in bestrophins. 

The dramatic change in ion selectivity from 
substitutions at the first hydrophobic residue of 
the pore (162R in KpBest and I76E in hBest1) 
suggests a particularly critical role for this posi- 
tion. Interestingly, the expression level of I62R in 
E. coli was much lower compared with that of 
WT KpBest (about 1/14) (fig. $7), suggesting that 
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Fig. 2. Structure of the ion-conducting pathway through KpBest. (A) Cross section through the pore center. The model is viewed as in Fig. 1D, with the 
electrostatic potential shown on exposed surfaces of the molecular envelope. (B) Cross section as in (A), but colored by Consurf sequence conservation. 
Turquoise marks the most variable positions, and maroon marks those most conserved. The calculation used 150 prokaryotic homologs with 95% maximal and 
35% minimal sequence identities compared with KpBest. (C) Ribbon diagram of two oppositely facing (144°) protomers of a KpBest pentamer are shown with the 
extracellular side on the top. The side chains of critical residues are red. 
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Fig. 3. lonic conductance measurements of KpBest and hBestl. (A) 
Representative families of single KpBest currents recorded from planar lipid 
bilayers at different voltages (150 mM of NaCl in both trans and cis solutions). 
No current was recorded at —60 mV. (B) Single KpBest channel current-voltage 
relationship. (C) Current trace of WT single KpBest channels (150 mM of NaCl 
in cis and O NaCl in trans solutions). The voltage for recordings (C), (E), and 
(H) was O mV. (D) Relative cation permeability; n = 3 recordings in independent 
bilayers for each point. (E) Current traces of mutant KpBest channels [same 
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condition as (C)]. (F) Critical residues in KpBest and hBestl. (G) Relative 
permeability (Pxa/Pc)) of hBestl WT and mutant variants; n = 12 to 15 cells for 
each bar. (H) Current trace of 1180A single KpBest channels [same condition as 
(C)]. () WT and 1180A single KpBest channel open probabilities. (J) Exemplar 
whole-cell currents of WT (left) and I205A (right) hBestl in HEK 293 cells. (K) 
Population steady-state current-voltage relationships; n = 3 to 6 cells for each 
point. * P< 0.05 when compared with WT using two-tailed unpaired Student's 
t test. No Ca** was added for hBest1 recordings. 


162 is important for the expression or assembly 
of the channel. Consistent with this idea, mutating 
the equivalent mBest2 I76 to C/L/V resulted in no 
currents (26). Surprisingly, the simple swapping 
of the central hydrophobic pore residues (KpBest 
166 and hBest1 F80) significantly altered ion se- 
lectivity without affecting expression levels. The 
hydrophobic character of the five-helix transmem- 
brane pore of bestrophins is reminiscent of that 
in the SLACI channel (29), where the anion selec- 
tivity series, like that observed for mBest2 (24, 25) 
and also for TMEMI6A (30, 3D, is inversely related 
to the hydration energy of monovalent anions (32). 

The second restriction in the permeation path- 
way of KpBest, at the base of the cytoplasmic 
cavity where I180 residues interact (Fig. 2C), 
suggests a possible permeation gate. To test this 
idea, we replaced the bulky isoleucine with ala- 
nine and tested the purified I180A mutant chan- 
nels in bilayer experiments. Indeed, [180A channels 
conducted unitary currents with the same am- 
plitude as for WT (fig. S3A); however, the open 
probability was markedly enhanced (Figs. 3, H 
and I, and fig. S3B). Substituting 1180 on KpBest 
with R, which has a longer side chain than A, 
yielded mutant channels that still conducted Na* 
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(Fig. 3E) with a low open probability similar to 
WT KpBest. To determine whether the equiv- 
alent residue in hBest1 also acts as an activation 
gate, the comparable 1205A/E mutants were gen- 
erated and subjected to a whole-cell voltage clamp. 
Phenocopying their respective KpBest counter- 
parts, hBest I1205A displayed significantly larger 
currents compared with WT and lost inward rec- 
tification, indicating a change in channel gating 
(Fig. 3, J and K), whereas I205E barely affected 
channel ion selectivity (Py2/Pq = 0.06) (Fig. 3G). 
Thus, the gate predicted by our KpBest model 
(KpBest 1180 and hBest1 1205) controls gating of 
the channels but not selectivity. Notably, hBest1 
1205T is a disease-causing mutation with signif- 
icantly decreased Cl conductance (6), reinforc- 
ing the functional importance of 1205. 

To understand characteristics of hBest1, includ- 
ing the disposition of disease-causing mutations, 
we generated a homology model for its trans- 
membrane portion based on the KpBest structure 
(Fig. 4). Consistent with the anion selectivity, the 
transmembrane pore and the lower restriction of 
hBest1 are both positively charged (Fig. 4A), con- 
trasting with the negative interior of the KpBest 
permeation pathway. The conservation pattern 


among eukaryotic bestrophins (Fig. 4B) is roughly 
similar to that of prokaryotic relatives (Fig. 2B), 
although the cytoplasmic exterior is less variable. 
Disease-causing mutations in hBest1 are abundant 
(www-huge.uni-regensburg.de/BEST1_database/ 
home.php?select_db=BEST1) and have been clus- 
tered into hot spots in the sequence (fig. S1) (8, 33). 
When plotted onto the three-dimensional (3D) 
model (Fig. 4C and fig. S8B), the hot spots segre- 
gate into a cavity-lining set from hot spot 2 along 
a2 and a juxtamembrane set from hot spots 3 
and 4 at the top of «7 and at the a9-a10 carboxylate 
loop, which is even more negative in hBest1 (fig. 
S8A) than in KpBest (Fig. 1D). The carboxylate 
loop could conceivably play a role in regulation 
by Ca?*. Hot spot 1 is along the N-terminal seg- 
ment that is disordered in KpBest, but presum- 
ably it too would be alongside other hot spots in 
the juxtamembrane region in hBestl. 

In summary, our structure of the bacterial 
homolog KpBest provides a solid basis for under- 
standing human bestrophin activity and disease- 
causing mutations, and physiological tests on 
KpBest and hBest1 provide insights into the con- 
trol of ion selectivity and activation in bestro- 
phins generally. 
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Fig. 4. Homology model of hBest1. (A) (Top) Electrostatic potential at the 
extracellular surface of the hBestl homology model. Viewed and drawn as for Fig. 1C. 
(Bottom) Cross section through the homology model of hBestl. Viewed and drawn as 
for Fig. 2A, except that the cut surface is plain gray. (B) (Top) Top view as in (A), but 
colored by surface conservation. Turquoise marks the most variable positions, and 
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AGING 


HSF-1-mediated cytoskeletal integrity 
determines thermotolerance 


and life span 


Nathan A. Baird,’* Peter M. Douglas,’* Milos S. Simic,’ Ana R. Grant,” James J. Moresco,” 
Suzanne C. Wolff,’ John R. Yates III,? Gerard Manning,* Andrew Dillin’+ 


The conserved heat shock transcription factor—1 (HSF-1) is essential to cellular stress 
resistance and life-span determination. The canonical function of HSF-1 is to regulate a 
network of genes encoding molecular chaperones that protect proteins from damage 
caused by extrinsic environmental stress or intrinsic age-related deterioration. In 
Caenorhabditis elegans, we engineered a modified HSF-1 strain that increased stress 
resistance and longevity without enhanced chaperone induction. This health assurance 
acted through the regulation of the calcium-binding protein PAT-10. Loss of pat-10 caused 
a collapse of the actin cytoskeleton, stress resistance, and life span. Furthermore, 
overexpression of pat-10 increased actin filament stability, thermotolerance, and longevity, 
indicating that in addition to chaperone regulation, HSF-1 has a prominent role in 
cytoskeletal integrity, ensuring cellular function during stress and aging. 


he survival of an organism is intricately 
linked to its ability to maintain cellular 
quality control, including organelle integrity, 
lipid homeostasis, proper protein folding, 
and cellular communication. The organis- 


mal response to unpredictable environmental 
changes is critical to mitigate damages caused by 
stress. Genes encoding the heat shock protein 
(HSP) family of molecular chaperones show the 
largest transcriptional increase in response to 


thermal stress, suggesting that these proteins 
are part of a fundamental defense against pro- 
teotoxic stress. Consistent with this hypothesis, 
ectopic expression of the master transcription- 
al regulator of HSPs, HSF-1, is sufficient to confer 
resistance to thermal stress and increase life span 
in the nematode Caenorhabditis elegans (1). Fur- 
thermore, /sf-1 overexpression can alleviate tox- 
icity associated with diseases caused by misfolded 
or aggregated proteins (2). 

However, chaperones may be dispensable for 
thermotolerance and longevity. Neither a hypo- 
morphic mutation of Asf-1, nor preventing the 
up-regulation of HSPs affects thermotolerance 
of C. elegans (3, 4). However, other studies using 
the same /sf-] mutant show decreased heat re- 
sistance (5). The conflicting data may result from 
differences in experimental design, but it is clear 
that HSF-1 function is not fully explained by chap- 
erones mediating stress resistance and life-span 
determination. 

To test for protective mechanisms independent 
of enhancing chaperone induction, we generated 
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Fig. 1. hsf-1(CT) increases life span and thermotolerance without enhancing chaperone induction. (A) Equal overexpression of hsf-1(FL) and hsf-1(CT) 
determined by means of quantitative polymerase chain reaction (PCR). (B) Western blot of HSP-16 before and after heat shock (HS). (€ to F) Quantitative PCR of 
(C) hsp-16.2, (D) hsp-17, (E) hsp-70a (C12C8.1), and (F) hsp-70b (F44E5.4) show enhanced induction in hsf-1(FL). (G) Thermotolerance assay of WT, hsf-1(FL), and 
hsf-1(CT) worms shifted from 20° to 34° for 13 hours. (H) Life-span survival curves of WT, hsf-1(FL), and hsf-1(CT) strains. (I) Life-span survival curves of WT and 
hsf-1(CT) strains with the DNA-binding domain deleted (CT-DBDA). *P < 0.005; error bars indicate SEM. 
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transgenic nematodes overexpressing full-length 
hsf-1 [hsf-1(FL)] or a hsf-1 C-terminal truncation 
[hsf-1(CT)]. The hsf-1(CT) variant was designed to 
mimic the C-terminal missense mutation found 
in the hsf-1(sy441) mutant, a widely used allele 
that decreases stress-induced HSP transcription 
via the removal of a transactivation domain (6). 
hsf-1(FL) was overexpressed in the N2 wild-type 
(WT) background, and hsf1(CT) was overexpressed 
in the hsf-1(sy441) mutant. Therefore, the hsf1(CT) 
strain mirrored the overexpression of hsf-1(FL) 
but contained no endogenous copies of full- 
length hsf-1 (fig. S1). Both transgenes were ex- 
pressed threefold higher than endogenous hsf-1 
(Fig. 1A). 

Analysis of protein and transcript abundance 
confirmed that overexpression of hsf-1(FL) en- 
hanced heat-inducible expression of all HSPs tested, 
whereas hsf-1(CT) caused no difference from wild 
type (Fig. 1, B to F, and fig. S2). Yet, both hs-1(FL) 
and hsf-1(CT) transgenic worms had increased 
thermotolerance and life span (Fig. 1, G and H). 
The life-span extension of Asf-1(CT) was unex- 
pected, so we tested whether this phenotype was 
dependent on a functional DNA-binding domain. 
Increased longevity was abolished upon removal 
of the DNA binding domain (Asf1(CT-DBDA) 
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(Fig. 11). Thus, increased life span and thermo- 
tolerance did not correlate with enhanced HSP 
transcription. 

To find other cellular networks that contrib- 
ute to HSF-1-mediated stress resistance and 
longevity assurance, we performed quantitative 
transcriptomic and proteomic analyses compar- 
ing hsf-1(FL) and hsf-1(CT) strains with WT and 
hsf-1(sy441) strains. We filtered for transcripts 
or proteins that showed increased abundance, 
under basal or heat-stressed conditions, exclu- 
sively in the heat-protected strains (fig. S3). The 
98 genes that met our filtering criteria were en- 
riched for functions in development, cytoskeleton 
organization, complex assembly, and immune 
defense response (fig. S4). 

Reduced expression of genes essential to ther- 
motolerance should lower survival under heat 
stress. Therefore, we performed a RNA inter- 
ference (RNAi)-based thermotolerance screen 
on the genes that passed our filtering criteria 
(fig. S5 and table S1). From the screen, we iden- 
tified a troponin-like calcium-binding protein, 
PAT-10, as essential for thermotolerance (Fig. 2A). 
Transcription of pat-10 was heat-inducible in 
all strains (Fig. 2B). Furthermore, hsf1 overexpres- 
sion strains showed an increase in pat-J0 tran- 
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scripts under basal and heat-stress conditions 
(Fig. 2B). After examining the upstream pro- 
moter region of pat-10, a putative binding site 
for HSF-1 (7, 8) was identified within 500 base 
pairs of the transcription start site (fig. S6). Ad- 
ditionally, hsf7 RNAi blocked the up-regulation 
of pat-10 upon heat shock (Fig. 2C). Therefore, 
pat-10 appears to be a direct target of HSF-1 tran- 
scriptional regulation. 

Because loss of pat-10 expression reduced ther- 
motolerance, we tested whether ectopic over- 
expression of pat-10 could render animals more 
thermotolerant. Twofold overexpression of pat-10 
(Fig. 2D) significantly increased heat protection 
(Fig. 2E) and extended life span (Fig. 2F). Fur- 
thermore, RNAi of pat-10 eliminated the increased 
thermotolerance (Fig. 2E) and life span (Fig. 2F) 
of the pat-10 overexpression strain. pat-10 RNAi 
also abolished the extended life spans of the hsf-1 
overexpression strains (Fig. 2G). Thus, pat-10 ap- 
pears to be necessary and sufficient for increased 
thermotolerance and longevity. Additionally, 
the beneficial effects of pat-10 overexpression 
were not due to increases in basal HSP tran- 
scription (fig. S7). One function of pat-10 is its 
role in the troponin complex (9-11), which is nec- 
essary for the contraction of body wall muscles. 
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Fig. 2. pat-10 is necessary and sufficient for thermotolerance and longevity. (A) Thermotolerance of WT and hsf-1(CT) strains treated with pat-10 or lev-11 
RNAi. (B) Quantitative PCR of pat-10 with and without heat shock (HS). (C) Effect of hsf-1 RNAi on pat-10 transcription upon heat shock. (D) Quantified expression 
of pat-10 in the pat-10 OE strain. (E) Effect of pat-10 overexpression or pat-10 RNAi on thermotolerance. (F) Life-span survival curves for WT or pat-10- 
overexpressing strains treated with control or pat-10 RNAi. (G) Life-span survival curves for WT or hsf-1-overexpressing strains treated with control or pat-10 


RNAi. *P < 0.05; error bars indicate SEM. 
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However, RNAi toward the worm homolog of 
tropomyosin—lev-1/, a partner with pat-10 in 
the troponin complex—did not affect heat resist- 
ance (Fig. 2A). This suggests that the role of 
pat-10 in muscle contraction does not influence 
thermotolerance. 

Loss of pat-10 also disrupts actin cytoskel- 
eton dynamics and endocytosis (10-13). To 
address these potential mechanisms of protec- 
tion, we used green fluorescent protein (GFP)- 


Fig. 3. pat-10 overexpression improves actin cyto- 
skeletal integrity and cellular trafficking. (A) GFP- 
tagged myosin heavy chain in muscle detected by 
means of fluorescent microscopy, before and after heat 
shock (HS). (B) Worm thrashes per minute in liquid to 
monitor motility after heat shock. (C and D) Abundance 
of filamentous (F) actin or globular (G) actin after (C) 
heat shock or (D) aging. Ponceau S staining shown as a 
loading control. (E) Microscopy showing ssGFP derived 
from muscle cells (m), endocytosed by coelomocytes 
(c) to be degraded. (F) Normalized ssGFP fluorescence 
quantification with and without pat-10 overexpression. 
(G) Effect of blocking coelomocytic endocytosis on 
GFP fluorescence in the ssGFP reporter strain. (H) 
Thermotolerance after RNAi of cup-4. *P < 0.05; error 
bars indicate SEM. Scale bars, 10 um. 


Fig. 4. Impairing actin dynamics decreases ther- 
motolerance in mammalian cell culture. (A) Mi- 
croscopy of HEK293T cells treated with cytochalasin 
D or latrunculin A [phalloidin stain of actin in red, 4’,6- 
diamidino-2-phenylindole (DAPI) stain of DNA in 
blue]. (B) Thermotolerance of HEK293T cells after a 
heat shock at 45°C for 2 hours treated with cytocha- 
lasin D or latrunculin A. (©) Proposed model of the 
dual pathways of HSF-1-mediated health assurance. 
*P < 0.05; error bars indicate SEM. Scale bars, 5 um. 
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labeled muscle filaments to assess actin orga- 
nization (74). Upon heat shock, muscle filaments 
became unorganized and damaged, leading to 
impaired motility (Fig. 3, A and B). However, 
pat-10 overexpression was sufficient to prevent 
heat-induced muscle and motility deterioration 
(Fig. 3, A and B). Furthermore, heat shock de- 
creased the ratio of the filamentous (F) actin to 
globular (G) actin in WT worms, whereas the 
protected pat-10 overexpression animals main- 
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tained F actin upon exposure to heat stress (Fig. 
3C and fig. S8). With regard to aging, the ratio 
of F to G actin also decreased with age, and 
pat-10 overexpression lessened this decline (Fig. 
3D and fig. S8). Hence, under conditions of acute 
stress or gradual age-related deterioration, the 
integrity of the actin cytoskeleton is correlated 
with organismal survival, and overexpression 
of pat-10 can abrogate the collapse of actin 
filaments. 


feo} 
oO 


pat-10 OE 
HS 


P~ Q 
oO oO 


Motility (bends/min) = 
pe) 
Oo 


% filamentous actin: 51 48 


s——=——| ES Z= 


% filamentous actin: 33 49 
Actin Ponceau S 
D 
G F G F 
Day 1 -— —— | — 
50 


% filamentous actin: 53 


endocytosis 


0 


Day 7 [~~ — | aw — 7 — 
% filamentous actin: 4 16 
Actin Ponceau S 
F G H 
1,00 2.0 * 2 
< 
® x 75 
8 0.75 * a ie * . ssGFP /pat-10 RNAi 
5 oO ° 
B 0.50 § 1.0 & 50 
x = oa 
s 3 2 
iL 0.25 ir 0.5 £ 25 
E 
0.00 a % 0.0 y y - y 
< < ie) \ NS s SS Ss 
= Se © < & & KS & 
g So Sar 
Ss ? o® Ss ° 
= Cc HSF-1 
control Cytochalasin D 2100 
= J s 
x 75 
g *PAT-10 HSPs 
& 50 * 
3G * 
2 ‘ 
LatrunculinA 2 25 cytoskeletal protein 
5 integrity refolding 
o£ 
| ol 


f 


> Ker 
3 
s Ss S \ 
& WO @) 7 
er OS Longevity 
ENS 
SS Stress Resistance 
ry Vv 


sciencemag.org SCIENCE 


RNAi-induced loss of pat-10 disrupts endo- 
cytosis through impairment of the actin cyto- 
skeleton (12, 13, 15). To assay the role of pat-10 
in endocytosis, we used a secretion and endo- 
cytosis reporter designed to actively secrete 
GFP (ssGFP) from muscle cells into the pseudo- 
coelomic fluid, where it is endocytosed by the 
coelomocyte cells and degraded (fig. S9A) (16). 
Therefore, the ssGFP reports upon effective mus- 
cular secretion and endocytosis by coelomocytes. 
Fitting the hypothesis that pat-10 overexpres- 
sion improves transport and cellular processing 
through improved subcellular scaffolding, the 
pat-10 OE strain had a decrease in overall ssGFP 
fluorescence (Fig. 3, E and F). The decrease in 
ssGFP resulted from improved secretion and up- 
take, as shown by the absence of fluorescence in 
the muscle and pseudocoelomic fluid (Fig. 3E). 
This decrease was not due to an overall decrease 
in expression of GFP (fig. S9B). Conversely, RNAi 
of pat-10 increased overall fluorescence through 
decreased muscle secretion and coelomocytic en- 
docytosis (Fig. 3, E and G). To fully block co- 
elomocytic uptake and degradation of ssGFP, 
RNAi of cup-4, a ligand-gated ion channel re- 
quired in endocytosis (27), showed an even higher 
increase in fluorescence (Fig. 3G) and also re- 
duced thermotolerance in the wild type (Fig. 
3H). Collectively, these data indicate pat-10 has 
an active role in cytoskeletal maintenance, which 
is critical to cellular transport. 

To test for conservation, we disrupted the actin 
cytoskeleton in human embryonic kidney (HEK) 
298T cells using cytochalasin D, which blocks the 
addition of actin monomers to filaments (78), or 
Jatrunculin A, which binds actin monomers and 
prevents polymerization (Fig. 4A) (19). Inhibiting 
filamentous actin formation with either cytocha- 
lasin D or latrunculin A significantly reduced 
thermotolerance in human cells without causing 
death at permissive temperatures (Fig. 4B and 
fig. S10). Similar to our C. elegans data, these 
findings reiterate the importance of the actin 
cytoskeleton during times of cellular stress. 

Elevated levels of hsf1 have been shown to 
benefit multiple organisms, yet its oncogenic prop- 
erties are a major therapeutic drawback (20, 27). 
Because the inducible chaperone network pro- 
motes survival and proliferation of metastasizing 
cells (22), the ability to harness protective, non- 
chaperone components within the HSF-1 signal 
transduction cascade appears essential for future 
drug development. Identification of pat-10 as a 
modifier of thermotolerance and longevity may 
apply to mammalian systems without the typical 
oncogenic dangers associated with increased chap- 
erone levels. 

The Asf-1(CT) strain was still able to mount a 
transcriptional response to heat shock, albeit re- 
duced in complexity of hsf1(FL). The molecular 
mechanism remains unclear by which hsf-1(CT) 
regulates transcription without the C-terminal ac- 
tivation domain, but possible explanations include 
HSF-1 containing multiple activation domains. 
Alternatively, the hsf1(CT) modification may alter 
affinities to DNA-binding sites or different cofactors, 
which would modify the transcriptional profile. 
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Our findings underscore the importance of 
maintaining filamentous actin, as opposed to 
total levels of actin. We propose a model in which 
HSF-1 regulates chaperones and actin cytoskeletal 
genes in parallel to promote thermotolerance 
and longevity (Fig. 4C). In the absence of chap- 
erone induction, stabilization of the actin cyto- 
skeleton is sufficient to promote survival under 
conditions of cellular stress and aging. 
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Detection of T cell responses to a 
ubiquitous cellular protein in 
autoimmune disease 
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Tcells that mediate autoimmune diseases such as rheumatoid arthritis (RA) are difficult to 
characterize because they are likely to be deleted or inactivated in the thymus if the self 
antigens they recognize are ubiquitously expressed. One way to obtain and analyze 

these autoimmune T cells is to alter T cell receptor (TCR) signaling in developing T cells to 
change their sensitivity to thymic negative selection, thereby allowing their thymic 
production. From mice thus engineered to generate T cells mediating autoimmune arthritis, 
we isolated arthritogenic TCRs and characterized the self antigens they recognized. One 
of them was the ubiquitously expressed 60S ribosomal protein L23a (RPL23A), with 
which T cells and autoantibodies from RA patients reacted. This strategy may improve 
our understanding of the underlying drivers of autoimmunity. 


cells mediate a variety of autoimmune dis- 
eases (J, 2), likely through the recognition 
of self antigens. However, identification 
of the self antigens targeted by T cells in 
systemic autoimmune diseases such as rheu- 


matoid arthritis (RA) has been technically diffi- 
cult (3-5). This is because pathogenic T cells 
expressing high-affinity T cell receptors (TCRs) 
for ubiquitous self antigens may be largely de- 
leted (i.e., negatively selected) in the thymus and 


17 OCTOBER 2014 + VOL 346 ISSUE 6207 363 


RESEARCH | REPORTS 


Department of Experimental Pathology, Institute for Frontier 


Medical Sciences, Kyoto University, Kyoto 606-8507, Japan. 
“Department of Experimental Immunology, Immunology Frontier 
Research Center, Osaka University, Suita 565-0871, Japan. 
SDepartment of the Control for Rheumatic Diseases, Graduate 
School of Medicine, Kyoto University, Kyoto 606-8507, Japan. 
Department of Rheumatology and Clinical Immunology, 
Graduate School of Medicine, Kyoto University, Kyoto 606-8507, 
Japan. Department of Frontier Research in Tumor Immunology, 
Center of Medical Innovation and Translational Research, Osaka 
University, Osaka 565-0871, Japan. “Department of Orthopaedic 
Surgery, Graduate School of Medicine, Kyoto University, Kyoto 
606-8507, Japan. ‘Department of Geriatric and Environmental 
Dermatology, Graduate School of Medical Sciences, Nagoya City 
University, Nagoya 467-8601, Japan. Department of 
Immunology, St. Jude Children's Research Hospital, Memphis, 
TN 38105, USA. “Department of Immunology, University of 
Pittsburgh School of Medicine, Pittsburgh, PA 15261, USA. 


is 


Denver, CO 80206, USA. "Howard Hughes Medical Institute, 

ational Jewish Health, Denver, CO 80206, USA. Core 
Research for Evolutional Science and Technology (CREST), 
Japan Science and Technology Agency, Tokyo 102-0075, Japan. 
*These authors contributed equally to this work. Corresponding 
author. E-mail: shimon@ifrec.osaka-u.ac.jp 


A 


B R1-23 


R7-39 


Fig. 1. Arthritis-inducing activity of two TCRs individually expressed in ret- 
rogenic mice. (A) Amino acid sequences and frequencies of two arthritogenic 
TCRs (7-39 and 6-39) and the nonarthritogenic 1-23 TCR. These three TCRs 
were obtained from three different mice. CDR, complementarity-determining 
region. Amino acid abbreviations: A, Ala; C, Cys; E, Glu; F, Phe; G, Gly; |, lle; K, Lys; 
L, Leu; N, Asn; P, Pro; Q, Gln; R, Arg: S, Ser; T, Thr; V, Val; W, Trp; Y, Tyr. (B) Joint 
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scarcely detectable in the periphery or, if de- 
tected, in an inactivated state (6). This can be 
circumvented by altering TCR signaling, which 
changes the sensitivity of developing T cells to 
thymic selection and results in new dominant 
self-reactive TCR specificities that are causative of 
systemic autoimmune diseases (7-11). For exam- 
ple, a hypomorphic point mutation of C-associated 
protein 70 (ZAP-70), a TCR-proximal signaling 
molecule, causes T cell-mediated spontaneous 
autoimmune arthritis in mice, which resem- 
bles RA (8). 

To identify ubiquitously expressed self anti- 
gens commonly targeted in mouse and human 
systemic autoimmune disease, we first exam- 
ined whether the arthritogenic CD4* T helper 
(Ty) cells in BALB/c SKG mice, which develop 
autoimmune arthritis due to the ZAP-70 muta- 
tion, made use of a specific dominant TCR. 
We compared the arthritogenic capacity of SKG 
CD4* T cells expressing different TCR VB sub- 
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families (fig. S1). Transfer of SKG CD4* T cells 
expressing V6, VB8.1/8.2, or VB10 into BALB/c 
Raga”! ~ mice induced arthritis with similar se- 
verities. In addition, CDR3 gene segments of VB6* 
CD4* T cells in arthritic joints were diverse, with 
few common sequences among individual ar- 
thritic SKG mice (fig. S2 and tables S1 and 82). 
Thus, under the assumption that arthritogenic 
SKG CD4* T cells are highly polyclonal and make 
use of various Vo. and VB TCR chains, we attempted 
to isolate a single arthritogenic CD4* T cell from 
a particular CD4* T cell subpopulation—for ex- 
ample, those expressing Vo2 and VB6, which 
constituted ~1% of joint-infiltrating CD4* T cells. 
To differentiate arthritogenic CD4* T cells from 
forkhead box P3 (Foxp3)-expressing CD4* reg- 
ulatory T (T,g) cells (1), we used SKG mice with 
knock-in of enhanced green fluorescent protein 
(EGFP)-Foxp3 fusion protein, designated eFOX 
SKG mice, which also spontaneously developed 
arthritis (fig. S3). We cloned a single TCR pair 
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swelling in R7-39 retrogenic mice. (C) Incidence and scores of spontaneous 
arthritis in R7-39 (n = 11), R1-23 (n = 14), and W7-39 mice (n = 8). Error bars 
indicate means + SD. (D) Hematoxylin and eosin (HE) staining of arthritic joints; 
scale bar, 1 mm. (E) Ears and hind paws of R7-39 and R1-23 mice. (F) HE staining 
of ears from R7-39 and R1-23 mice; scale bar, 500 um. Results in (B) and in 
(D) to (F) represent three independent experiments. 
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from individual GFP” Vo2* VB6* CD4* T cells 
present in arthritic joints of eFOX SKG mice, 
transfected Rago! ~ SKG bone marrow (BM) cells 
with the TCR gene, and transferred the BM 
cells into Rag2™/~ mice to construct retrogenic 
mice expressing the TCR pair in developing T 
cells (12-15). Among nine retrogenic strains each 
expressing a distinct TCR, those expressing 7-39 
or 6-39 TCRs spontaneously developed arthritis at 
incidences of 80.0% and 27.3%, respectively (Fig. 1, 
A to C, and fig. S4, A to C). The two arthritogenic 
TCRs and a control nonarthritogenic 1-23 TCR 
used the same Vo. and VB gene segments but dif- 
ferent Jo. and JB genes and CDR3 sequences (Fig. 
1A). Arthritic joints in retrogenic 7-39 (R7-39) mice 
showed mononuclear cell infiltration, pannus for- 
mation, and cartilage destruction (Fig. 1D). Some 
(66.7%) of the R7-39, but not the R6-39, mice also 
developed chronic dermatitis, which exhibited 
hyperkeratosis and parakeratosis, histopatholog- 
ical features of human psoriasis (J6) (Fig. 1, E and 
F, and fig. $5). Other organs were histologically 
intact (fig. S6). 

In R7-39 mice, 7-39 TCR-transduced cells pre- 
ferentially differentiated into monoclonal CD4* T 
cells with an activated and memory phenotype 
(fig. S7), and were able to transfer both arthritis 
and dermatitis into other Rag?” mice. Both 
arthritic R7-39 and nonarthritic R1-23 mice failed 


Fig. 2. Identification of the self antigen 
recognized by arthritogenic 7-39 TCRs. 
(A) Immunoblot analysis by sera from B 
cell-reconstituted R7-39 mice (n = 7) and B 
cell-reconstituted R1-23 mice (n = 3). Arrow 
indicates the commonly recognized pro- 
tein. (B) Quantitative real-time polymerase 
chain reaction (qPCR) analysis for RPL23A 
gene expression in various tissues from 
SKG mice (n = 3). Error bars indicate 
means + SD. (C) Recombinant RPL23A 
protein revealed by immunoblotting with 
sera from the indicated mice. (D) IL-2 
production by 7-39 or 1-23 T cell hybridomas 
stimulated with the indicated recombinant 
proteins (n = 6). Horizontal bars indicate the 
means. *P < 0.05 (Kruskal-Wallis test 
followed by Steel-Dwass test). Results repre- 
sent two [(A) to (C)] or three (D) independent 
experiments. 


to develop Foxp3* Tyg cells (fig. $8). In contrast 
to 7-39 TCR gene-transfected Rag27/~ BM cells 
with the SKG ZAP-70 mutation, 7-39 TCR gene- 
transfected ZAP-70-intact Raga’ ~ BALB/c BM 
cells did not cause arthritis in retrogenic mice (de- 
signated W7-39 mice). In W7-39 mice, the majority 
of 7-39 TCR-expressing CD4* T cells were nega- 
tively selected in the thymus, and those that had 
escaped thymic negative selection exhibited a 
naive nonactivated phenotype, indicating their 
dormant or anergic state (Fig. 1C and fig. S9). 

Taken together, these results demonstrate that 
CD4* T cells with a specific TCR mediate auto- 
immune arthritis and also dermatitis, and that 
more than one TCR specificity is individually 
able to confer T cell arthritogenicity. 

We next constructed T cell hybridomas express- 
ing 7-39 or 6-39 TCRs and attempted to deter- 
mine the self antigens recognized by these TCRs. 
The 7-39 hybridoma cells produced interleukin-2 
(IL-2) when stimulated by cell extracts not only 
from SKG fibroblast-like synoviocytes (FLSs) but 
also from P3UI1 cells, a BALB/c plasma cell- 
derived cell line (fig. S10). In contrast, syngeneic 
antigen-presenting cells (APCs) were sufficient 
to induce IL-2 production by 6-39 hybridoma 
cells, indicating that the 6-39 TCRs recognized a 
self antigen constitutively displayed by APCs (fig. 
SAD). To further characterize the self antigen recog- 
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nized by 7-39 TCRs, we reconstituted Rag2~ mice 
with a mixture of 7-39 TCR-transfected Rag27/~ 
SKG BM cells and TCRB’’~ BALB/c BM cells on 
the assumption that the autoantibodies produced 
by B cells might specifically react with the self 
antigen recognized by 7-39 TCRs because T cell 
help came solely from 7-39 Ty cells. The sera 
from these “B cell-reconstituted” mice specifi- 
cally reacted with an 18-kD protein from the cell 
extract of P3U1 cells (Fig. 2A). Mass spectromet- 
ric analysis identified this protein as RPL23A, 
a component of the 60S subunit of ribosomes 
(17, 18) (fig. S11). Various organs were found to 
express RPL23A mRNA at high levels (Fig. 2B). 
The amino acid sequence of RPL23A is 100% 
conserved between mice and humans (J8). The 
sera from the B cell-reconstituted R7-39 mice 
indeed recognized recombinant RPL23A, but not 
histone H1.2 protein, another candidate protein 
indicated by the mass spectrometric analysis 
(Fig. 2C). In addition, recombinant RPL23A pro- 
tein specifically stimulated the 7-39 hybridoma 
cells in a dose-dependent, class II major histo- 
compatibility complex (MHC) 1-A*-dependent 
manner (Fig. 2D and fig. S12). Among 20-amino 
acid RPL23A peptides with consecutive over- 
lapping of 5 amino acid residues, RPL23A7..90 
peptide stimulated 7-39 TCRs most potently 
(table S3 and fig. S13A). 
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B cell-reconstituted R7-39 mice and arthritic 
SKG mice developed antibodies reacting with 
cyclic citrullinated peptides (CCP), as also observed 
in RA patients (79) (fig. S14.A), yet there was no sig- 
nificant difference in titer of antibodies to RPL23A 
whether this was assessed with citrullinated or 
noncitrullinated RPL23A protein (fig. S14, B and C). 
In addition, the RPL23A7,.99 peptide recognized 
by 7-39 TCRs contained no arginine residue to be 
converted to citrulline (table S3). 

Taken together, these results indicate that the 
ubiquitously expressed protein RPL23A can be a 
target antigen of both arthritis and dermatitis. 
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Furthermore, more than one systemic antigen 
can be targeted for arthritis induction, because 
the 6-39 TCRs did not react to peptides derived 
from RPL23A (fig. S13B). 

Upon transfer, CD4* T cells, but not sera, 
from B cell-reconstituted R7-39 mice induced 
arthritis in Rag2~/~ mice (fig. $15). Indeed, CD4* 
T cells from arthritic joints or the regional lymph 
nodes of R7-39 mice produced inflammatory 
cytokines [including IL-17A, interferon-y (IFN-y), 
and granulocyte macrophage-colony stimulating 
factor (GM-CSF)] upon activation with phorbol 12- 
myristate 13-acetate (PMA) and ionomycin, RPL23A 
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protein, or RPL23A7.99 peptide (Fig. 3, A to D, 
fig. S16, A to D, and fig. S17). In addition, RPL23A 
stimulated nonarthritic SKG, but not BALB/c, CD4* 
T cells to produce IL-17A in vitro (Fig. 3E). It also 
augmented the production of IL-17A by CD4* T 
cells from SKG mice treated with mannan, which 
can trigger autoimmune arthritis in SKG mice 
by promoting T,;17 differentiation of arthritogenic 
CD4* T cells (20, 27). An arthritic joint of SKG mice 
indeed harbored CD4* T cells possessing the VB 
CDR3 of 7-39 TCRs (table S2). 

We next evaluated the contribution of Tyg cells 
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Fig. 3. RPL23A-reactive T,, cells in R7-39 mice. (A) Cytokine production by 
CD4* T cells from regional lymph nodes of R7-39 or R1-23 mice after in vitro 
stimulation with recombinant RPL23A or control glutathione S-transferase 
(GST) protein. Stim, stimulation. Data are representative of three independent 
experiments. (B) Percentages of cytokine-producing CD4* T cells in (A) (n = 3). 
(C) Cytokine amounts in culture supernatants in (A) (n = 6). (D) IL-17A 
production by RPL23A-stimulated lymphocytes from R7-39 mice in the 
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presence or absence of blocking antibodies to MHC class | or class II (n = 6). 
(E) IL-17A production by lymphocytes stimulated with recombinant RPL23A or 
control GST proteins (n = 8). Lymphocytes were taken from SKG or BALB/c 
mice with or without mannan treatment. In (B), results are shown as means + 
SD. In (C) to (E), horizontal bars indicate the means; *P < 0.05 (Kruskal-Wallis 
test followed by Steel-Dwass test); NS, not significant. Results represent two 
independent experiments in (B) and (C). 
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from either ZAP-70-intact BALB/c or ZAP-70- 
mutant SKG mice failed to suppress arthritis 
development in Rag2/~ mice when cotransferred 
with phenotypically activated or memory 7-39 
TCR* CD4* T cells (figs. S7 and $18), although Tyee 
cells were capable of suppressing naive arthrito- 
genic T cells effectively (9). 

These results collectively indicate that RPL23A 
is able to stimulate CD4"* T cells in R7-39 mice 
via RPL23A-derived peptide-MHC class II com- 


Fig. 4. Anti-RPL23A humoral 

and cellular immune 

responses in RA patients. (A) 

qPCR analysis of RPL23A gene 
expression in various tissues 

from healthy human subjects 

(n = 3). Results are shown as 

means + SD and represent two 
independent experiments. (B) 
Immunohistochemical staining 

of synovial tissues from RA or 

OA patients for RPL23A or 

CD55 expression (scale bars, 

four images at left, 200 um; two 
images at right, 50 um). Serial 
sections were stained by anti- 
RPL23A, anti-CD55, or control 
antibody. Arrows indicate cells 

that are both RPL23A- and B 
CD55-positive. Representative 
results from three patients are 
shown. (C) Serum levels of 
autoantibodies to RPL23A 
assessed by enzyme-linked 
immunosorbent assay (ELISA) in 
RA, PsA, OA, SLE, and PM/DM 
patients or healthy individuals. 
Horizontal bars indicate the 
medians. ***P < 0.001 
(Kruskal-Wallis test followed by 
Dunn’s multiple comparison 
test). (D) Cytokine production 
from CD4* T cells stimulated 
with recombinant RPL23A or 
GST protein. (E) Percentages of 
IFN-y* cells in RPL23A- or GST- 
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plexes, driving them to differentiate into arthri- 
togenic effector Ty; cells (20), which are capable 
of mediating arthritis even in the presence of 
Treg cells. 

Lastly, we examined possible immune responses 
to RPL23A in RA patients. RPL23A mRNA was 
found to be ubiquitously expressed in healthy 
human tissues (Fig. 4A). In synovial tissues of 
RA patients and also in the apparently normal 
synovial tissues of osteoarthritis (OA) patients, 
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RPL23A was detected in the cytoplasm of syn- 
ovial cells, including CD55* FLSs (Fig. 4B). 
Relative to healthy controls (1.3%, n = 74), a 
significantly higher proportion of RA patients 
(16.8%, n = 374) were positive for serum immu- 
noglobulin G-type autoantibodies to RPL23A (Fig. 
4C). Two out of 23 psoriatic arthritis (PsA) pa- 
tients (8.7%) were positive for the autoantibody, 
whereas all of the OA patients (n = 11), systemic 
lupus erythematosus (SLE) patients (7 = 30), or 
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polymyositis/dermatomyositis (PM/DM) patients 
(n = 10) were negative. In addition, in the syn- 
ovial fluid of a subset of RA patients, we detected 
CD4" T cells producing IFN-y upon stimulation 
with RPL23A (Fig. 4, D and E). These findings 
in humans, together with the key role of anti- 
RPL23A T cell responses for autoimmune arthritis 
and psoriasis-like dermatitis in mice, suggest that 
the responses may play a pathogenic role at least 
in a subset of patients with RA or PsA. 

Our results show that by attenuating TCR 
signal intensity in developing T cells (hence re- 
ducing their sensitivity to thymic negative selec- 
tion by natural self ligands), T cells reactive with 
ubiquitously expressed self antigens can be gen- 
erated as dominant pathogenic clones causing 
systemic autoimmune disease. Because similar 
attenuation of TCR signaling at various degrees 
in conjunction with T,.. cell depletion is able to 
produce a variety of other autoimmune diseases 
in mice (9, 22), this strategy of generating path- 
ogenic T cells and characterizing the self antigens 
they recognize would facilitate our understand- 
ing of the mechanisms of other autoimmune dis- 
eases of currently unknown etiology. In addition, 
given that genetic polymorphism in a signaling 
molecule in T cells is a major determinant of ge- 
netic susceptibility to various human autoimmune 
diseases including RA (23), such a genetic varia- 
tion might, at least in part, alter thymic selection, 
hence forming a TCR repertoire for causing auto- 
immune disease. Our approach may also be use- 
ful in deciphering how T cell autoimmunity to 
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a ubiquitous self antigen triggers localized tissue 
damage in RA and other human autoimmune 
diseases, and in devising effective means of sys- 
temic or local intervention in the disease process. 
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Temperature-Controlled 
Polarimeters 

ADP600 Series high-accuracy Peltier 
temperature-controlled polarimeters are 
available with single, dual, and multiple 
wavelength derivatives covering the 
visible spectrum. The series also features 
measurement in the highly sensitive 
ultraviolet region. This capability makes 
the instrument particularly suited for 
use by scientists wishing to measure 
chiral compounds, and other optically 
active substances in the chemical, 
pharmaceutical and food sectors as 
well as for use in academic research. 
Integral to operational simplicity is the 
full color high definition touchscreen 
graphical user interface. A simple 

menu structure, featuring a METHOD 
system is similar to the popular wide 
range RFM series of Peltier-controlled 
refractometers commonly found across 
the industry. ADP600 polarimeters have 
an extensive interfacing capability and 
may be configured to operate in secure 
environments in accordance with FDA 
regulation 21 CFR Part 11 and also meet 
the requirements of U.S., European, and 
Japanese pharmacopoeia. 

Xylem Analytics 

For info: 978-778-1010 
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Compact Ozone Sterilizer 

The Ozilla is a new high quality, purpose- 
built ozone gas generator. Measuring just 
13 x 11 x 5 inches (32 x 28 x 13 cm), it 
will fit in most standard laboratory cell 
culture incubators, air incubators, cell 
culture hoods, polymerase chain reaction 
hoods, or any other environment where 

a sterile atmosphere is critical. Following 
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HPLC Columns 

Cortecs family of columns now includes a 
new line of 2.7 um silica-based, solid-core 
particle columns that set a new standard for 
high-performance liquid chromatography 
(HPLC) column performance. Designed for 
analytical scientists who need to maximize 
performance on their existing LC systems, 
Cortecs 2.7 um columns run at lower 
pressures while delivering high efficiencies. 
This gives the scientist the flexibility to 

use longer column lengths to improve 
resolution or higher flow rates to speed 
instrument analysis times and increase 
throughput. Available in C18+, C18, and 
HILIC chemistries, the columns come in 
48 unique column configurations and are 
fully scalable to Cortecs 1.6 um columns, 
thus allowing separation scientists who 
currently run HPLC separations the 

ability to future-proof their laboratories 
and seamlessly transfer or migrate their 
separation to UPLC. Cortecs C18+ 
columns deliver excellent peak shapes 

for basic compounds and impart unique 
selectivity while being a superior low bleed, 
formic acid-friendly option for LC/mass 
spectrometry applications. 

Waters 

For info: 800-252-4752 
www.waters.com/cortecs 
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Scientific Imaging Cameras 
Three new scientific imaging cameras 
are now available, the EFiS, AtoR, and 
iRiS. Dedicated to low-light imaging ap- 
plications such as fluorescence imaging, 
astronomy, X-ray tomography, and sin- 
gle molecule detection, the EFiS, AToR, 
and iRiS are the ideal candidates when 
photons are scarce or when fast tem- 
poral acquisition is required. A choice 
of several different software options is 
offered with these cameras, depending 
on the customer budget and application. 
The EFisS is a scientific frame transfer 
EMCCD camera with a 1004x1002 sen- 
sor size enabling optimum data resoluti- 
on. The frame transfer technology adds 
the benefit of not requiring a mechanical 
shutter for ultrafast data acquisition. 
The ATOR is a scientific interline EMCCD 
camera with a sensor size of 658x496 
pixels. The interline transfer technology 
allows very short integration times 
without image smearing. The iRiS is a 
4.2 megapixel scientific CMOS came- 
ra, with a 2048x2048 sensor size that 
enables a large field of view and ultimate 
image resolution. 
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For info: 732-494-8660 
www.horiba.com/scientific 


Disposable Protein A 
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ProVance pre-packed Protein A columns 
are a high-performance disposable 
chromatography solution to help meet 
the growing demand for downstream 
purification. Single-use technology offers 
unparalleled flexibility while reducing risk 
of contamination at multi-product facili- 
ties typical of contract manufacturing 


simple operational instructions the Ozilla is able to completely 
eliminate airborne as well as surface contaminants and germs 
including bacteria, phage, and fungus. Ozone is the most powerful 
oxidative agent that occurs naturally. With its extra free radical 
oxygen molecule, ozone is able to destroy germs, viruses, and 
microbes that may cause surface or air contamination. Furthermore, 
ozone leaves no chemical residue typical of alternative detergent or 
synthetic cleaners, and if handled properly—by converting ozone 
back to oxygen molecules—it can be one of the most effective 
sterilizing tools. 

AMS Biotechnology 

For info: +44-(0)-1235-828200 

www.amsbio.com/ozilla.aspx 


organizations. Until now, there has not been a cost-effective Protein 
A chromatography option for single-use manufacturing facilities. 
ProVance columns combine Grace proprietary incompressible silica 
with cost-effective Protein A and disposable column hardware. The 
high-capacity columns can reduce operating costs by 40%-60% 
and are ideally suited for single-batch or single-campaign use, elim- 
inating the need for significant cleaning validations and long-term 
storage. ProVance columns are available in a range of sizes for early 
screening and up to full-scale GMP manufacturing. Columns for 
use in GMP manufacturing come complete with documentation for 
regulatory support, shipping studies, leachables, and extractables. 
Grace 

For info: 410-531-4000 

www.grace.com/provance 
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Employees 
Thrive on 
Innovative 
Design 


First-in-class drugs and drought-resistant seeds may not seem 
to have much in common but the transformative technologies 
being developed to produce these game-changing products 
do. At the heart of those discoveries are the companies, 
identified by the 2014 Science Careers Top Employer Survey, 
that foster a spirit of innovation. These 20 biotechnology and 
pharmaceutical companies have their eyes on transformative 
prizes and invest in the intellectual capital needed to get there. 
From encouraging risky research to bolstering academic 
collaborations, keeping employees engaged and excited about 
their research is priority number one. 

By Virginia Gewin 
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f there is one budding sentiment in the life sciences these 

days, it’s this: The divide between biotech and pharma 

is crumbling. Not only are biotech companies loosening 

pharma’s stronghold on small molecules, but pharma is, 
increasingly, forging biotech research alliances. In fact, pharma 
companies are setting up shop in biotech-bastions such as 
Boston, Massachusetts. 

A more collaborative era of data-driven discovery—one in 
which scientists can deftly navigate the regulatory hurdles and 
development costs necessary to create novel products—is 
emerging. Adoption of agricultural biotech is at an all-time high. 
According to a 2013 report by Transparency Market Research, 
the genetically modified (GM) seed sector is growing at a 9.9% 
compound annual growth rate, a clear sign of unmet needs in 
agriculture. And, according to the Pharmaceutical Research and 
Manufacturers of America, first-in-class therapeutics make up 
an astounding 70% of the global drug development pipeline. 

From new cures to new crops, this year’s top employers 
know that design and diligence go hand in hand. Regeneron 
Pharmaceutical, Inc.—the top company for the 3rd year in 
a row—is a biotech bucking to be the next Apple. At the 
company’s 25th anniversary celebration this year, Founding 
Scientist and Chief Scientific Officer George Yancopoulos 
sought inspirational words to share with his staff. He researched 
Apple, often cited as the world’s most innovative company, at 
its 25th year mark. He found that, while Apple was considered a 
solid company, they had yet to invent the iPad or the iPhone. He 
shared the story at the Regeneron party. “That’s our challenge,” 
Yancopoulos told the crowd, “I want us, in 10 years, to be 
known for the technology we have yet to invent.” 

The next decade looks equally bright at Novo Nordisk (#2; 
up from 11 in 2013), the global leader in diabetes drugs. 

The Danish drug-maker expects a decade’s worth of 10% 
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annual growth in revenue. With a 6,000-strong R&D-focused 
recruitment push by 2023 and a new $180 million headquarters, 
according to Chief Scientific Officer Mads Krogsgaard 
Thomsen, they are clearly positioning themselves for a new 
era in the company’s history. 

There were two fresh names on the 2014 list: the largest U.S. 
pharma, Johnson & Johnson (J&J), which raked in $28 billion 
in worldwide pharmaceutical sales last year, reappeared at #19 
after a four-year absence, and a newcomer to the list Actelion 
(#14), a Basel-based biotech currently working on 25 small 
molecules. “We’re the biotech without the large molecules,” 
says Roland Haefeli, head of investor relations and public 
affairs at Actelion. 

Perhaps not surprisingly, many of the top 20 companies boast 
unbelievably low turnover rates, typically lower than 8%. The 
agricultural-focused biotechs are even lower with roughly 3% 
of employees at both the #6 top employer, Monsanto Company 
(up from #14 in 2013), and #9, Syngenta (up from #13 in 2013), 
voluntarily leaving each year. That’s a sharp contrast to a July 
report from the human resources services company Randstad 
Pharma that states over 50% of biotech and pharma employees 
expect to search for a job in the next year. 

A common thread runs through the top 20 list: Give 
employees the intellectual freedom and support necessary to 
pursue high-risk/high-reward goals—and they’Il deliver. Add to 
this a noble mission, such as increasing food security or 
decreasing disease suffering, and employers can create a 
positive feedback loop that maximizes employees’ drive and 
dedication as well as company profits. 


Methodology 
Each year, Science Careers conducts a web-based survey 


of individuals familiar with biotechnology and continued> 
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Amgen (Thousand Oaks, CA) 


Johnson & Johnson (New Brunswick, NJ) 


Merck KGaA/Merck Serono/EMD Serono (Darmstadt, Germany) 


pharmaceutical employers to determine the best employers in 
the field. The survey was conducted from March 20 to May 4, 
2014. Roughly 65,000 individuals— more than twice the num- 
ber contacted last year—were invited to take the survey. In all, 
5,394 returned surveys served as the basis for the analysis. 
Roughly 25% of respondents were contacted by direct email; 
the remaining 75% of surveys were returned following promo- 
tion by 573 contacts in human resources at biotech and pharma 
companies (Science Careers database). The top 20 companies 
were determined using a statistical process that calculates a 
unique ranking score for each company rated. Only companies 
rated by 35 or more respondents were eligible for the top 20 
best employers list. 

The majority of respondents (74%) were current employees of 
the company who took the opportunity to rate their employer's 
performance. These are not entry-level staff either; roughly 65% 
have been in the workforce at least 10 years. Basic researchers 
made up 22% of the survey respondents, while 27% work in 
applied research, 36% work in development, and 12% are ad- 
ministrators or executives. This year, of the 19% of respondents 
who said they were likely to seek a different position in the next 
year, 39% indicated the primary reason for the change was 
career advancement, down from 41% in 2012. 

Once again, respondents ranked “is an innovative leader in 
the industry” as the most important driver in choosing the best 


companies. The remaining drivers: “is socially responsible,” 
“has top leadership that successfully makes changes needed to 
keep the organization moving in the right direction,” “has loyal 
employees,” “treats its employees with respect,” and “has work 
culture values that are aligned with employees’ personal values” 
—suggest today’s employees are an idealistic lot. 

Novo Nordisk, Monsanto, Roche (excluding Genentech and 
up 8 places to #8), and Syngenta all made impressive leaps to 
reclaim spots on the top 10 list. 

Genentech (#3), Vertex Pharmaceuticals Incorporated (#4), 

Eli Lilly and Company (#5), AbbVie (#7), and Biogen Idec (#10) 
round out the top 10 employers (see chart above). 


Innovation, defined 

Innovation is, arguably, the most overused word in industry. In 
fact, it means different things to different people; each company 
has its own culture of finding a “new” product, process, or pipe- 
line. What works at one company will contrast wildly with what 
works at another. Yet, despite an almost indefinable quality, 
our survey reveals that, like good art, employees know innova- 
tion when they see it and believe it is the single most important 
characteristic of a “best employer.” 

In the last 10 years, Novo Nordisk has developed more of a 
risk-taking culture to match their grand goal of defeating the 
growing epidemic of diabetes. “Originally continued> 
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lt takes great science to bring medicines to market. 


The drive to improve people’s lives. |t's what turns great ideas into life-changing 
accomplishments. And it’s what defines each and every member of Regeneran’s talented 
and devoted team, universally committed to developing better medicines for serious 
illnesses. Here, we'll challenge you to expand your knowledge, enhance your expertise 
and achieve excellence—every day. And we'll support you with world-class resources, 
outstanding rewards and countless opportunities for professional development and 
advancement. So you can grow our companu’s capabilities, while achieving your most 
ambitious career goals. 


Join us at the forefront of new discoveries. 
careers.regeneron.com 


Regeneron has locations in: 


Basking Ridge, NJ REGENERON 


Tarrytown & Rensselaer, NY 
Dublin & Limerick, Ireland 
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we were not so much into risk taking,” says Krogsgaard 
Thomsen. Now, they are using stem cell research to create 
insulin-producing cells. “Il get questions from research direc- 
tors at other companies asking if we’re serious, and | always 
answer ‘yes,” he adds. “If we can surpass a barrier to improve 
the power and convenience of our medicines, we’ve got to do 
it.” To inspire that spirit of innovation, the new Novo Nordisk 
headquarters was designed to resemble the hexomer structure 
of insulin. “Even in our architecture, we’re trying to mimic things 
that exist in the human body,” he says. 

At Regeneron, critical breakthroughs are tackled by bringing 
the intellectual firepower under one roof. They call it the “think 
tank.” It’s just an ordinary meeting room, except the 10-30 invi- 
tees expect marathon meetings, sometimes reassembling over 
the course of several days to kick around new ideas. “We have 
great stamina here,” says Neil Stahl, Regeneron’s senior vice 
president for research and development. Their Veloc-Immune 
mouse model was an idea which evolved during a “think tank” 
meeting. The model has been used to produce fully human 
monoclonal antibodies and was key to creating the 15 antibod- 
ies the company currently has in the clinic—among them a 
cholesterol reducer and a pain reliever. Even though Regeneron 
now has external scientists bringing innovative ideas to their 
doorstep, it doesn’t change their approach. “A lot of these ideas 
are clever, but not useful or applicable to the bottlenecks in 
the drug discovery world,” says Yancopoulos. “We understand 
where innovations are needed to speed drug development and 
pursue those ideas.” 

In keeping with the Apple analogy, the most inventive design 
is often the game-changing idea. For example, they are excited 
about their new “bi-specific” technology —essentially one anti- 
body, two actions. One arm of the antibody activates T cells and 
another arm binds to a tumor target. “It’s an elegant design—an 
antibody hybrid, made cleanly, with no artificial pieces unlike 
other bi-specifics that have more of a ‘Rube Goldberg’ design,” 
says Stahl. It is Regeneron’s first drug candidate that will har- 
ness the immune system to attack cancer cells, he says. “That’s 
the kind of stuff that our employees see coming up, and keeps 
them excited about in the future.” 

When Janssen Pharmaceuticals, the R&D arm of pharma 
giant J&J, decided they were going to focus on novel thera- 
peutics of big impact, rather than follow the competition’s focus 
on branded generics or biosimilars, they completely redesigned 
how they could tackle that goal by opening five so-called 
innovation centers. The aim is to bring expertise together, rather 
than reinvent the wheel. Once academic and small company 
researchers make discoveries, pharma executives can contrib- 
ute their scientific expertise to help turn those discovery into 
products. “We want to find the best partners and the best 
science to develop innovative products,” says Jeffrey Nye, 
head of neuroscience innovation and partnership strategy 
at Janssen R&D and the J&J Innovation Centers. “And it’s 
working.” For example, their Boston-based innovation center 
launched with news of a $12.9 million deal to back Rodin 
Therapeutics, a Cambridge, Massachusetts-based biotech 
using epigenetics to develop novel therapeutics for neurological 
disorders, notably Alzheimer’s disease. 

It may sound like giving academics money to do a research 
job, but Peter Lebowitz, global head of oncology R&D at 
Janssen, says that couldn’t be further from the truth. “We build 
a close tie to what these researchers are doing and provide our 
own expertise,” he says. In fact, his neuroscience colleagues 
are dreaming up unprecedented drug delivery strategies. “We 
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think, in the near future, it will be possible to treat schizophrenia 
with four injections per year instead of [patients] having to take 
pills three times a day,” says Husseini Manji, global head of 
neuroscience R&D at Janssen. But that’s an approach that only 
one of the largest pharma companies in the world can take. 

In contrast, small, young biopharmaceutical companies, like 
Actelion, carve out their niche through discovery. Actelion is 
only 15 years old—and their first internally-discovered com- 
pound, macitentan, was approved to treat pulmonary arterial 
hypertension—making 2013 a big year for them. “Science is all 
about overcoming obstacles and staying excited to do it,” says 
Oliver Nayler, Actelion’s head of cardiovascular and fibrosis 
biology. At Actelion, employees are increasingly motivated by 
visualization technologies, such as automated live-cell imaging 
and high content screening, that offer new means to view and 
quantify cellular, even subcellular, processes. “It opens up a 
whole new world, by letting us see what impact our compounds 
have on cells, which stimulates our creativity to explore new 
experimental approaches,” says Nayler. 

Developing cutting-edge products in the agricultural seed 
sector, where a constant need to protect crops from drought 
and disease requires multi-prong strategies, takes ona 
number of different flavors. For example, both Monsanto and 
Syngenta have released drought-tolerant seeds. Genomics- 
based discovery is key for identifying genes of potential interest 
to plant breeders and biotech seed developers. Monsanto’s 
newest drought-tolerant product, Drought Guard, relies on a 
gene that creates a chaperone protein to coat a plant’s RNA 
during stressful conditions and maintain the plant’s normal cell 
functions, while Syngenta’s hybrid contains novel drought- 
tolerant gene combinations. Both companies are also exploring 
RNA interference (RNAi) technology—the use of RNA molecules 
to inhibit gene expression—to prevent plant diseases. And 


while Monsanto is digging into which soil continued> 
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Driving Characteristics of Top Employers 


2013 
1. Innovative leader in the industry 
2. Treats employees with respect 


3. Loyal employees 


4. Socially responsible 


5. Work culture values aligned 


6. Makes changes needed 


microbes might help grow seeds better, Syngenta is hot on 
uncovering what metabolites can reveal about maximizing 
plant growth. 


Something to believe in 

This year’s survey responses revealed that employees want to 
work for a company that holds itself to a high ethic—and walks 
the walk to prove it. Syngenta employees have long enjoyed 
a community garden on campus where green thumbs could 
raise potatoes and carrots from company seeds to donate to 
a local food bank. In addition, last fall, Syngenta put forward 
amore global strategy called The Good Growth Plan which 
makes six commitments to improve resource use efficiency, 
including finding ways to produce more food with less waste, 
degradation, and poverty. 

For Hope Hart, Syngenta’s product safety team leader, the 
company’s commitment to social responsibility reinforces her 
volunteer work at local schools or community groups where she 
discusses the safety of GM crops or how they help increase 
small-farm-holders’ profits. “I'll go wherever we are invited to 
share how we know that GM crops are safe because it’s an 
issue that is close to my heart,” says Hart. 

Monsanto, too, is facing the controversy surrounding genetic 
engineering head on. A couple of years ago, the company 
assessed the challenges of, and criticisms against, genetic 
modification research and realized that they needed to have a 
more proactive voice on the issue. “We have really started to 
create a path for employees to engage more in social media 
or participate in science-based interactions with the public 
on the questions about the role of science and innovation in 
agriculture,” says Robb Fraley, Monsanto’s chief technology 
officer. Their solution, an ambassador program, generated a 
huge amount of interest. Over 1,000 employees signed up to 
receive training to be an ambassador and reach out directly to 
consumers to address question and concerns about science. 
“You can tell there was a pent-up, innate desire to get more 
involved. It’s been a great employee motivator,” adds Fraley. 
“People really are making a difference in farmer’s lives and they 
want that to continue,” he adds. 

Fraley says the company’s core mission is a critical part of its 
attraction to potential employees. Internal Monsanto surveys 
reveal that employee engagement scores are 80%-90%. “That 
is extraordinary,” says Fraley. “We’re competing for talent all 
around the world to expand breeding efforts and having an 
engaged, diverse workforce is key,” he adds. 

It’s not just the agricultural biotech companies that want to 


1. Innovative leader in the industry 
2. Treats employees with respect 
3. Socially responsible 

4. Loyal employees 


5. Has a clear vision 


Driving characteristics 
are listed in descending 
order of impact on 
overall employer 
rankings. 


Shaded backgrounds 
indicate the characteristics 
in common for the 

two years. 


6. Does important quality research 


do right by the environment. Actelion has incorporated green 
building standards in all new construction projects, including 
the use of solar panels and electric car charging stations, and 
continues to increase waste recycling efforts. “The young 
scientists we hire care about these things,” says Tina Kitt, 
communications specialist at Actelion. That sentiment is 
reflected in the survey results as well. Employees are happiest 
when their work values align with their employer. 

But it goes beyond corporate social responsibility. “We are 
passionate about doing research that helps the patient,” says 
Krogsgaard Thomsen. In fact, Novo Nordisk routinely invites 
patients to the research facilities to share their experiences. 
“When we heard that patient outcomes are held back by fear of 
hypoglycemia (low blood sugar), we created drugs that result in 
a reduced risk of hypoglycemia,” he says. 

Novo Nordisk adheres to what they describe as a triple 
bottom line: doing business that focuses on public health, 
society, and the shareholders. “Novo Nordisk is consistently 
one of the top two health care companies in the Dow Jones 
Sustainability Index, which tracks the sustainability performance 
of the largest 2,500 companies listed on the Dow Jones Global 
Total Stock Market Index. When employees can identify with 
a company’s vision, and it goes beyond making a profit, they 
feel they can really align with shared goals,” says Krogsgaard 
Thomsen. 

Not surprisingly, several of these top employers, including 
Actelion, Syngenta, and Regeneron, also make science 
education a focus of their social responsibility efforts. Actelion 
supports the Mobile Bus, a rambling lab equipped with basic 
science experiments. Yancopoulos says Regeneron sponsors 
the Westchester Science and Engineering Fair owing largely 
to two persistent high school science teachers who made 
him realize that most scientists had, at some point, a science 
teacher who helped make a difference. “We have to do this for 
the next generation,” he says. 


Employee appreciation 

The survey data reveals that employee appreciation creates 
a positive feedback with company loyalty. The company rated 
highest on “treats employees with respect,” Novo Nordisk, also 
had the highest “loyal employee” rating. “Our international col- 
leagues often comment on how much they appreciate the trust 
we show in our employees, that it’s a sign of respect,” says 
Ann-Charlotte Hasselager, corporate vice president of R&D 
Human Resources at Novo Nordisk. That trust goes both ways. 
“Every now and then while turmoil surrounds ~=continued> 
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Scientist’s choice - University vs. Industry 


There are a few key reasons why outstanding scientists should consider joining big pharma 
like Roche. Dr. Andrew Thomas, Head of Medicinal Chemistry, Neuroscience at Roche 
in Basel, explains why he joined one of the leading pharma companies a few years ago. 


online @sciencecareers.org 


Dr. Andrew Thomas is Section Head Medicinal Chemistry at Roche in Basel. 


What is your current role? 

| am a member of our Chemistry Leadership Team, 
Extended Small Molecule Research Leadership Team, 
global Non Clinical Drug Safety Committee and I'm 
directly involved in the discovery and development 

of new medicines for the therapeutic areas of neuro- 


science ophthalmology and rare diseases. The goal of 
my team is design and discover molecules that will one 
day become medicines. One of the main responsibilities 
of my current role is to ensure that our department 
retain a reputation as being an employer of choice for 
the best scientists in our domain by attracting world 
class talent to join us. 


Why did you decide to join Roche? 

There are a few key reasons why | joined Roche. 
First and foremost - | had an immediate strong and 
authentic affinity to the outstanding scientists | met 
during my interviews - which continues to this day. 
Before | interviewed with Roche | was thinking to 
become a University Professor - but | was convinced 
by joining Roche | would be able to get the best of 
both worlds by generating new knowledge, teaching 
and mentoring students and more important being 
to directly impact healthcare through the implemen- 
tation of medicinal chemistry knowledge. These have 
all been realised - which is why | have decided to 
stay with Roche. 


What can Roche offer to young scientists? 

We are able to offer a unique experience - where we 
provide the future leading scientists a stimulating and 
truly enriching environment interacting within very 
experienced teams where our young scientists gain 

an authentic insight into the leading capabilities of our 
organisation. Because we attract leading talents they 
are regarded right from the beginning as competent 
researchers and our skill is to support them advancing 
their own hypotheses and trying out new approaches 
to their research. The development of novel medicines 
and diagnostics gives them the opportunity to use their 
skills in complex areas of science, where there is still 
so much to discover. Industry has the advantage over 
academia that we focus very efficiently on the direct 
application of our research results rather than only 
generating them for others to use which is often the 
case in academia. We are able to drive this through our 
focus on creating new knowledge and value through 
inventions followed by timely publications. In addition 
the core of our industry is composed of a team of 
multi-disciplinary and recognized world experts across 
all key areas. Having access to experts internally is an 
asset unique to industry as well as our efficient infra- 
structure that ensures our company runs smoothly so 
we can focus on our research. 


What would you advise job seekers who want to 
join Roche? 

Make personal contact to our recruiters and depart- 
mental representatives who are out in the field at 
career fairs and/or giving scientific seminars around 
the world. If you are someone who has the passion 
to be a world class contributor to the discovery and 
development of new medicines demonstrate your 
potential early in your career during your formal 
education which will catalyse you being recognized 
by Roche employers. 


To apply online for positions visit 
careers.roche.ch 

Roche is an Equal Opportunity Employer. 
The next step is yours. 
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our company, employees support the company and manage- 
ment. There’s not a them [versus] us thing,” says Krogsgaard 
Thomsen. Flexible work policies, especially those that bolster 
work-life balance, are a way the company demonstrates its 
respect for employees. 

Rewarding top work is perhaps the best employee motiva- 
tor. Monsanto’s strong focus on employee recognition includes 
quarterly recognition events, as well as an annual “Above and 
Beyond” awards ceremony, with the highest awards going to 
scientists who have discovered products. They also have sus- 
tainable yield pledge awards for actions, such as improving 
water availability or increasing crop productivity, that conserve 
more or improve lives. 

Monsanto has also taken a broad view of employee well- 
being. To better understand employee needs and feedback, 
Monsanto has opened several lines of communication between 
employees and management. In addition to a biannual internal 
survey, they also conduct “pulse” surveys on specific employee 
populations each quarter. 

The goal is to provide an inclusive environment in which 
employees can thrive. Melissa Harper, Monsanto’s head of 
diversity, can rattle off a dozen resource groups designed to 
support employees—the focus can range from adoption as- 
sistance to a lesbian, gay, bisexual, and transgendered network. 
“We take the time not only to listen but to act on what we’re 
hearing from our employees,” says Harper. Similarly, Janssen 
Pharmaceuticals offers adoption assistance and health care 
advocacy and support. 

During the World Cup, there’s one surefire way to acknowl- 
edge and appreciate that diversity: televise the soccer matches. 
In fact, World Cup viewing was a common theme among the 
top employers. “Our company recognizes that its employees 
are passionate about sports, and playing the World Cup shows 
they appreciate our passions as much as they trust us to get 
our work done,” says Hart. Actelion employees are so soccer- 
crazed, they hold their own tournament each year. “We all get a 
bit worried because the teams play so hard,” says Haefeli. “We 
keep our medical services nearby—just in case.” 

The teams that play hard together, work hard together. “When 
people come together and play on teams, it feels like a family,” 
says Gaby Scherer, Actelion director of human resources. 
Appreciative of that family feel, Actelion recently built an on-site 
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day care because Basel, in particular, has a tight childcare 
market. They also accommodate employees who choose to 
work less than full-time, often after having children. In fact, 17% 
of their workforce is part-time. 

Still, most of the top employers cast aside any form of a caste 
system. “There’s not the stereotypical hierarchy at Syngenta,” 
says Hart. “Of course we have levels of management, but 
everyone’s ideas matter.” Syngenta’s collaborative nature 
initially unnerved Michiel van Lookeren Campagne, Syngen- 
ta’s head of biotechnology “My first meeting at the company, 
we sat in a round circle of chairs,” he says, “and | wondered 
‘where did | land?’” But, he found, it’s just the company’s 
culture. “When we are meeting, we are all present—no one is 
typing on a computer.” 

For scientists, a collaborative culture can matter most. 
Regeneron was formed, in part, because Yancopoulos, who 
was discouraged from collaborating during his days in aca- 
demia, thought that was the wrong way to do science. “Science 
is interactive and that was one of our core values from day 
one,” says Stahl. Yancopoulos says successful collaborations 
are all about finding synergies. “Most companies exchange 
dollars for brains, but we don’t work that way,” says Yancopou- 
los. “We have a lot of biologics and antibodies that we want to 
test in collaborators’ systems, but we exchange things of 
respected value like our technologies, reagents, and know- 
how.” As a result, they are building a company, like Merck KGaA 
and Genentech (a member of the Roche group) before them, on 
a foundation of science and technology. “We’re not going to just 
come up with one drug, we’re going to build a company that’s 
able to go from basic science into the clinic over and 
over again.” 

But, as Janssen’s Manji points out, the only way to set up out- 
standing collaborations is to have a lot of strength on the inside. 
“When | came here over five years ago, one thing | noted is that 
we’re trying to do things that are so complex, and there is 
a lot of good science going on outside our walls—we should 
find ways to work together,” he says. “It is not just ‘us or 
them’ anymore.” 


Virginia Gewin is a freelance science writer based in Portland, Oregon. 


DOI: 10.1126/science.opms.r1400147 
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TECHNOLOGICAL 
UNIVERSITY 


Faculty Positions at School of Chemical 
and Biomedical Engineering [SCBE] 


The School of Chemical and Biomedical Engineering (http://www.scbe.ntu.edu.sg), 
Nanyang Technological University of Singapore invites applicants to apply for tenure-track 
faculty positions at the Associate/Assistant Professor level. Applicants should hold a Ph.D. in 
Chemical Engineering, Bioengineering, Biomedical Engineering, Food Science Technology 
and Engineering or a related field by the beginning of the appointment period. Candidates with 
post-doctoral training would be preferred. 


The School is particularly interested in: 

1) Chemical Engineering candidates with interests in Biochemical Engineering, Synthetic Biology, 
Food Engineering, Chemical Engineering Process, and Fluids and Colloids. 

2) Bioengineering candidates with research interests in Biomaterials, Bioimaging, Biosensors, 
Biodevices, Bionanotechnologies, Tissue Engineering (musculoskeletal, neuron regeneration, 
etc), Rehabilitation Neuro-Biomechanics and Translational Biomedical Engineering. 


The candidate should have a demonstrated excellence in original research, with good publication 
records and the ability to teach core Chemical/Food Engineering and Bioengineering courses. 
Entrepreneurial qualities are also sought after. 


Responses received by 30th November 2014 would be given priority. 


Emoluments and General Terms and Conditions of Service 

The commencing salary will depend on the candidate's qualifications, experience and the level 
of appointment offered. Information on emoluments and general terms and conditions of service 
is available at: http://www.ntu.edu.sg/ohr/CareerOpportunities/TermsandConditions/ 
Pages/FacultyPositions.aspx. 


Application Procedure 

Qualified candidates are invited to submit an application. Guidelines for Submitting an Application 
for Faculty Appointment are available at: http://www.ntu.edu.sg/ohr/CareerOpportunities/ 
SubmitanApplication/Pages/FacultyPositions.aspx. 

The post applied for should be clearly stated. Electronic submission of application is encouraged 
and can be forwarded to: 


Chairman, Search Committee, School of Chemical and Biomedical Engineering 
NANYANG TECHNOLOGICAL UNIVERSITY 
E-mail: scbe_recruit@ntu.edu.sg 


www:scbe.ntu.edu.sg 
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Technology 


Come work with us! 


Tenure Track Faculty 


The Department of Brain & Cognitive Sciences (BCS) (http://bcs.mit.edu) and 
The Picower Institute for Learning & Memory at MIT (http://picower.mit.edu/) are 
looking to hire up to three (3) tenure-track faculty at the assistant professor level who 
work in one or more of the following three (3) areas: 


i) Computational approaches to intelligence, cognition or neuroscience; an experimental 
component to the candidate’s research would be viewed as a positive but is not necessary. 
An affiliation with Electrical Engineering and Computer Science, the Computer Science and 
Artificial Intelligence Laboratory (CSAIL), or other allied departments is possible. 


ii) Molecular & cellular: The Picower Institute is searching for a candidate studying 
development, function or plasticity of neuronal circuits at the cellular, circuit, and/or 
systems levels using a multi-faceted approach combining different methodologies 
and levels of analysis. Candidates with strong cellular/molecular training who are 
studying development of brain circuits or using stem cell technologies are particularly 
encouraged to apply. 


iii) Human cognition and/or cognitive neuroscience using behavioral methods, especially in 
the areas of language and/or cognitive development OR using fMRI/neuroscience methods. 


Successful applicants are expected to develop and lead independent, internationally 
competitive research programs and to share in our commitment to excellence in 
undergraduate and graduate education by teaching courses and mentoring graduate 
and undergraduate research. PhD must be completed by start day of employment 
and some postdoctoral training is preferred. 


Please submit application materials - cover letter, CV, statement of 

research and teaching interests and representative reprints - online at 
https://academicjobsonline.org/ajo/jobs/4202. Please state research area in cover letter. 
To help direct the application, applicants should indicate which of the three areas listed 
above is their main research area by answering the mandatory questions included in the 
application. In addition, please arrange to have three letters of recommendation submitted 
online. Review of applications will begin on November 1, 2014. 


MIT is an affirmative action employer, and we 
encourage applications from women and 


underrepresented minorities. http://web.mit.edu 


UNIVERSITY OF 


Tenure-Track Assistant/Associate Professor 


The Department of Physics at the University of Miami invites 
applications from highly qualified persons for a faculty position in 
Experimental Condensed Matter Physics focusing on Energy/ 
Materials. This appointment will be made at the Assistant or Associate 
Professor rank to begin Fall 2015. Targeted research agendas include, 
but are not limited to, energy harvesting, storage, conversion, and 
optoelectronics. The successful candidate is expected to interact with 
physics and chemistry faculty. Candidates must have a Ph.D. in physics or 
related field, a demonstrated record of research achievements, and a strong 
commitment to teaching and mentoring students at the undergraduate and 
graduate levels. The physics department is located within the University’s 
attractive Coral Gables campus in the greater Miami area, and has a wide- 
ranging research expertise and established Ph.D. program. 


Application materials, including curriculum vitae with list of publications 
and statement of research plans, should be sent electronically (as a single 
PDF) to energysearch@physics.miami.edu or to Energy Search 
Committee Chair, Department of Physics, University of Miami, 
Knight Physics Building, Coral Gables, FL 33124. Applicants should 
arrange for three letters of recommendation to be sent to the same address. 
Review of applications will begin on December 1, 2014 and continue 
until the position is filled. 


The University of Miami is an Equal Opportunity Employer - Females/ 
Minorities/Protected Veterans/Individuals with Disabilities are 
encouraged to apply. Applicants and employees are protected from 
discrimination based on certain categories protected by Federal law. 


UNIVERSITY OF 


Tenure Track Assistant/Associate Professor 


The Department of Physics at the University of Miami invites 
applications from highly qualified persons for a faculty position in 
Experimental Biological Physics at the Assistant or Associate Professor 
rank, starting fall 2015. The successful candidate will be expected 
to complement research activities within the Department involving 
dynamic processes at the organismal level and complexity science, and 
to exploit opportunities to collaborate with faculty in the University’s 
Department of Biology and the Miller School of Medicine. Candidates 
must have a Ph.D. in physics or a related field, a demonstrated record 
of research achievements, and a strong commitment to teaching and 
mentoring students at the undergraduate and graduate levels. The Physics 
Department is located within the University’s attractive Coral Gables 
campus in the greater Miami area, and has a wide-ranging research 
expertise and established Ph.D. program. 


Application materials, including curriculum vitae with list of publications 
and statement of research plans, should be sent electronically (as a single 
PDF) to biosearch@physics.miami.edu or to Biological Physics Search 
Committee Chair, Department of Physics, University of Miami, 
Knight Physics Building, Coral Gables, Fl. 33124. Applicants should 
arrange for three letters of recommendation to be sent to the same address. 
Review of applications will begin on December 1, 2014 and continue 
until the position is filled. 


The University of Miami is an Equal Opportunity Employer — 
Females/Minorities/Protected Veterans/Individuals with Disabilities 
are encouraged to apply. Applicants and employees are protected from 
discrimination based on certain categories protected by Federal law. 


NATIONAL UNIVERSITY OF IRELAND GALWAY AND SCIENCE FOUNDATION IRELAND SEEK 


GLOBAL RESEARCH LEADERS 


IN THE FOLLOWING AREAS: 


¢ Medical Devices 


¢e Innovative Energy Technologies 


¢ Satellite Remote Sensing 


WwW 


UNIVERSITY of WASHINGTON 


Faculty Position 
Eukaryotic Cell Biology 
Department of Biology 


As part of a long-term strategy to enhance strengths in Cell Biology, the 
Department of Biology is searching to hire a full-time (9-month) Assistant 
Professor (Job class 0116) for a tenure-track faculty position in eukaryotic 
cell biology. We seek candidates who integrate perspectives from multiple 
disciplines, use quantitative approaches, and appreciate the breadth of 
research encompassed within the Department. We are especially interested 
in candidates using experimentally tractable plant, animal or protist systems 
to investigate fields including but not limited to cell homeostasis, signaling, 
polarity, proliferation, motility, membrane trafficking, interactions between 
cells and their environments, developmental cell biology, and evolutionary 
cell biology. 


We are looking for individuals with a record of outstanding achievement 
or strong indications of outstanding future potential. Priority will be given 
to applications received by 3 November 2014 at: http://www.biology. 
washington.edu/faculty/search/. Applicants must have earned a doctorate 
by the date of appointment. All University of Washington faculty engage in 
teaching, research, and service. 


The University of Washington is an Affirmative Action, Equal Opportunity 
Employer. All qualified applicants will receive consideration for 
employment without regard to, among other things, race, religion, color, 
national origin, sex, age, status as protected veterans, or status as qualified 
individuals with disabilities. The University is building a culturally 
diverse faculty and staff and strongly encourages applications from 
women, minorities, individuals with disabilities and covered veterans. The 
University is the 2006 recipient of the Alfred P. Sloan award for Faculty 
Career Flexibility, and is committed to supporting the work-life balance of 
its faculty. Our NSF-supported ADVANCE program 
http://advance.washington.edu/ is dedicated to increasing the 
participation of women in STEM disciplines. 


Yale 


UNIVERSITY 


Tenure-Track Faculty Positions 
(Assistant/Associate/Full Professor) 
Department of Genetics, 

Yale University School of Medicine 


The Department of Genetics at Yale University School of Medicine 
invites applications for junior or senior tenure-track faculty positions. 
The search is open to investigators from all areas of biological and 
biomedical research. We are particularly interested in applicants focused 
on Functional Genomics, Genome Informatics, Computational Biology or 
Systems Biology. Applications from investigators working on the interface 
of these areas and Developmental Biology and Genetics will also be 
strongly considered. The rank of the appointment will be commensurate 
with experience. 


The Department of Genetics comprises an exceptional group of 22 primary 
basic science faculty with research interests including fundamental aspects 
of genetics, genomics and epigenetics, with investigation of model systems 
including flies, worms, fish and mouse, as well as humans. 


Review of applications will begin immediately and will continue until 
the position is filled. Curriculum vitae, a concise statement of research 
plans (up to 3 pages), and three letters of recommendation should be sent 
electronically to: genetics.admin@yale.edu to the attention of Richard 
Lifton, Chair, Department of Genetics. 


Yale University is an Affirmative Action/Equal Opportunity Employer 
and welcomes applications from women, persons with disabilities, 
protected veterans, and members of minority groups. 
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California State Polytechnic University, Pomona 
Biological Sciences Department 


TENURE-TRACK FACULTY POSITION 


lad VIROLOGIST 


The Biological Sciences Department at California State Polytechnic 
University, Pomona (Cal Poly Pomona) invites applications for a tenure-track, 
ASSISTANT PROFESSOR, position in Virology, beginning September 2015. 
Candidates using various approaches to study viruses are encouraged to apply. 
A Ph.D. in microbiology or a related field is required. Post-doctoral experience 
and previous teaching experience are preferred. The successful candidate will 
have the potential for excellence in undergraduate teaching, and for developing 
an externally-funded research program that will involve undergraduate and 
Master’s students. Teaching responsibilities will include virology, general 
microbiology, cell biology, and specialty courses in the candidate’s area of 
expertise, and may involve participation in introductory biology and other 
courses in microbiology. Cal Poly Pomona is a comprehensive Master’s 
university with a diverse student body. The successful candidate will have 
demonstrated an ability to be responsive to the educational equity goals of 
the university and its increasing ethnic diversity and international character. 
Applicants should forward: (1) a cover letter (maximum 2 pages) that briefly 
describes the candidate’s training, experience, and teaching and research 
interests; (2) curriculum vitae; (3) statement of teaching philosophy (maximum 
2 pages); (4) proposed plan of research (maximum 3 pages); (5) maximum 
of three representative publication reprints; and (6) the names and contact 
information of three (minimum) to five (preferred) references to: Chair, 
Virologist Search Committee, Biological Sciences Department, California 
State Polytechnic University, 3801 West Temple Avenue, Pomona, CA 
91768. Electronic submission of application materials as a single PDF file 
is preferred (microbiol_search@csupomona.edu). Review of applications 
begins on January 12, 2015. Official transcripts and three letters of reference 
will be required of all finalists. For further information, visit the Department 
web site at: http://www.csupomona.edu/~biology. 


California State Polytechnic University, Pomona is an Equal Opportunity, 
Affirmative Action Employer. 
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The Sarcoma Medical Oncology Service in the Department of 
Medicine of Memorial Sloan Kettering Cancer Center is seeking 
an outstanding scientist/physician-scientist with expertise in drug 
development/discovery and translational research. The successful 
candidate will be have a research program directed at translational 
sarcoma research and lead the Jennifer Linn Laboratory of New Drug 
Development in Sarcoma and Rare Cancers that will interface with 
the Hospital’s sarcoma disease management team. Applicants should 
have a significant record of research accomplishment, and a proven 
ability to collaborate with translational physicians on clinically 
relevant projects. Candidates may have scientific background in any 
relevant translational field including stem cell biology, epigenetics, 
metabolomics, cell signaling, etc. Research applicable to sarcoma 
is desirable but not necessary, but work in the Linn Laboratory will 
be directed to Sarcoma and rare unidentified cancers. 


Interested applicants should forward a cover letter, curriculum 
vitae, statement of research interests, and list of references to David 
Spriggs, M.D, Head of the Solid Tumor Oncology Division, 
Memorial Sloan Kettering Cancer Center, 300 E 66" Street, 13" 
Floor, New York, NY 10065, faxes will be accepted at 646-888-4270 
and emails should be sent to rodrigc4@mskcc.org. 


Memorial Sloan Kettering Cancer Center is an Equal Opportunity 
Employer with a strong commitment to enhancing the diversity of 
its faculty and staff. Women and applicants from diverse racial, 
ethnic and cultural backgrounds are encouraged to apply. 


BOSTON 
UNIVERSITY 


Tenure-Track Faculty Position in 
Human Systems Neuroscience 


Tenure-track faculty search, Assistant Professor in Systems Neuroscience, 
Data Science, Dept. Health Sciences, Boston Univ. Start date: Fall 2015. 
Candidates who study normal or abnormal brain function using brain 
imaging ({MRI, MEG/EEG), and/or genetic approaches are especially 
encouraged to apply. The department includes undergraduate program in 
human physiology and graduate programs in physiology and neurobiology 
(MS and PhD). Faculty members have research programs in neurobiology, 
muscle biology and cytoskeletal signaling. Opportunities for collaborations 
also exist in other research programs on the Charles River and Medical 
School campuses, and through interdisciplinary university-wide programs 
in bioinformatics, computational science, and neuroscience. Applicants 
should have an earned doctorate in neuroscience, physiology, cell biology, 
or related field, including post-doctoral training and a strong scholarly 
record with research funding, or potential for funding from extramural 
sources, and commitment to departmental undergraduate and graduate 
programs. 


Application deadline is December 1, 2014. Applicants should submit a 
letter of application, curriculum vitae, statement of research plans and 
names of three individuals who can provide letters of reference to: Danka 
Charland, Assistant to the Search Committee, Department of Health 
Sciences, SAR, Boston University, 635 Commonwealth Avenue, Boston, 
MA 02215; E-mail: charland@bu.edu. 


For more information about BU Sargent College and our programs, visit 
our website at bu.edu/sargent. 


We are an Equal Opportunity Employer and all qualified applicants 
will receive consideration for employment without regard to race, color, 
religion, sex, national origin, disability status, protected veteran status, 

or any other characteristic protected by law. We are a VEVRAA 
Federal Contractor. 


UCDAVIS 


Associate/Full Professor of Freshwater Fish Ecology 
Peter B. Moyle and California Trout Endowed Chair in 
Coldwater Fishes 
Department of Wildlife, Fish, and Conservation Biology 


We are recruiting a 9-month (academic year) tenured Freshwater Fish 
Ecologist at the associate or full professor rank. The appointee will hold 
the Peter B. Moyle and California Trout Endowed Chair in Coldwater 
Fishes. The Chair holder needs to be an enthusiastic, experienced and 
visionary scientist, able to work effectively with diverse interest groups 
and provide the science leadership to ensure the long-term viability 
of California’s coldwater aquatic ecosystems and their fish fauna. 
Candidates must have the ability to develop a vigorous, extramurally- 
funded research and outreach program that addresses questions relevant 
to the biology and conservation of coldwater fishes in California, and 
to teach courses in biology and conservation of fishes and other topics. 
Qualifications include Ph.D. in relevant discipline, and evidence of 
accomplishment in research, outreach, teaching, and service. 


Application materials must be submitted via the following website: 
https://recruit.ucdavis.edu/apply. Inquiries: Professor Dirk H. Van 
Vuren, Committee Chair, (530) 752-4181, email: dhvanvuren@ 
ucdavis.edu. The position will remain open until filled but to ensure 
consideration, applications should be received by November 21, 2014. 


UC Davis is an affirmative action/equal employment opportunity 
employer and is dedicated to recruiting a diverse faculty community. 
We welcome all qualified applicants to apply, including women, 
minorities, veterans, and individuals with disabilities. 


Direct link to position application: 
https://recruit.ucdavis.edu/apply/JPF00404 


Brown University 
Tenured Position 
in Neuroscience 


Brown University’s interdisciplinary Institute for Brain Science and 
the Department of Neuroscience invite applications for a tenured 
faculty position at the level of Associate Professor or Professor. 
The successful applicant will use advanced molecular or genetic 
approaches to address fundamental mechanisms underlying brain 
development, function, or disorders. Any experimental system will be 
considered, but a successful candidate will address questions critical to 
understanding human brain function. We seek an established scientist 
with an M.D. and/or Ph.D. degree who has an international reputation, 
a well supported, highly successful independent research program, 
and an established record of scholarly contribution. A collaborative 
approach is essential. The incumbent is expected to participate in the 
educational mission of Brown University. We strongly encourage 
applications from women and minorities. Further information about 
the Department, the Graduate Program, and the Brown Institute of 
Brain Science is available at http://neuroscience.brown.edu and 
http://www. brainscience.brown.edu. 


The search committee will give full consideration to applications 
received by December 1, 2014. Applicants should submit their 
curriculum vitae, teaching statement and a two-page description 
of their research plans and scientific vision to: apply.interfolio. 
com/27040. 


Brown University is an 
Affirmative Action/Equal Opportunity Employer. 


Faculty Positions in Biochemistry and 
Molecular Genetics 


Northwestern University Feinberg School of Medicine has committed 
substantial resources toward expanding interdisciplinary research 
in Biochemistry and Molecular Genetics. A new Department of 
Biochemistry and Molecular Genetics has been established and will be led 
by Dr. Ali Shilatifard, an internationally recognized leader in chromatin 
biology, gene expression, epigenetics, and cancer biology. We are now 
seeking candidates to fill several new full-time faculty positions at the 
Assistant, Associate, and Full Professor ranks. Northwestern University 
offers superb start-up packages with collegial and collaborative scientific 
environment that is rich with core facilities, robust cross-disciplinary 
graduate training programs, and diverse expertise. 


Candidates should have a Ph.D., M.D./Ph.D. or M.D. degree, significant 
research experience, and evidence of sustainable extramural funding. 
Salary is commensurate with experience. Northwestern University is 
an Equal Opportunity, Affirmative Action Employer of all protected 
classes, including veterans and individuals with disabilities. Women and 
minorities are encouraged to apply. Hiring is contingent upon eligibility 
to work in the United States. Start date will be within the 2014-2015 
academic year. Applications will be accepted until the positions are filled. 
Please submit by email (as a single PDF) a cover letter, curriculum vitae, 
summary of research experience, and future plans along with names and 
contact information for three references to: 


Biochemistry and Molecular Genetics 
Feinberg School of Medicine 
Northwestern University 

Chicago, IL 60611 
BMG-search@Northwestern.edu 


NORTHWESTERN UNIVERSITY 


Wht FEINBERG 


SCHOOL OF MEDICINE 


ASSISTANT PROFESSOR 
Sustainable Vegetable Production 
and Nutrition Systems 


The Department of Horticulture (http:/Avww.hrt.msu.edu) in 
the College of Agriculture and Natural Resources at Michigan 
State University (MSU) invites applications for an Assistant 
Professor, twelve-month tenure-track position (50% research, 
50% extension) to conduct research and extension/outreach 
programs that promote production of vegetables while 
maintaining or enhancing environmental quality in Michigan 
and beyond. The incumbent will develop a nationally and 
internationally recognized program in vegetable crop nutrition 
and soil fertility management that builds collaboratively on 
MSU’s strengths in vegetable production and sustainable 
cropping systems. Research should utilize both basic science 
and applied approaches while addressing the issues and 
opportunities facing the Michigan and Midwest vegetable 
industry. Other potential areas of research focus include 
development of integrative systems to optimize plant nutrition 
and soil health; efficient nutrient and water delivery systems 
tailored to precision agriculture, drip irrigation, microclimate 
modification or extended season cropping systems; 
rhizosphere dynamics; or interactions between cropping 
systems and food quality/numan nutrition. 


The successful candidate will establish innovative research 

and outreach programs, secure competitive/extramural 

funding, publish in high quality refereed journals, advise and 

mentor students, provide leadership in state-wide vegetable 

extension programming (including development of 

educational materials and other outreach tools), establish 

strong ties with industry leaders and grower groups; and 

contribute to the on-going programs of MSU’s Vegetable 

Extension Team. The salary is competitive and 

commensurate with the candidate’s experience. A health, 

dental and retirement benefits program is included. 

Qualifications: 

Required: 

¢ Ph.D. in horticulture, plant science, plant physiology, soil 
science or a related field 

¢ Demonstrated capacity to conduct independent research 

¢ Ability to work collaboratively with research and 
Extension teams 

¢ Excellent oral and written communication skills 


Desired: 

¢ Postdoctoral experience in plant nutrition, physiology and 
vegetable production 

¢ Teaching, Extension, and team management experience 

¢ Three or more years of vegetable production and research 
experience Plant Sciences at MSU 


MSU is a global leader in basic and applied plant sciences, with 
over 150 faculty members engaged in research on nearly all 
aspects of crop production and plant science. MSU offers state- 
of-the-art field, greenhouse, growth chamber, and laboratory 
facilities to support diverse research and outreach interests. 


Application Procedure: 

Qualified applicants should submit a letter of application, a 
summary of research accomplishments and future research 
objectives, and a description of Extension/outreach interests 
and philosophy, a current CV, and contact information for at 
least three references online at https:/jobs.msu.edu. Select 
Faculty/Academic Staff and apply to posting 0099 before 
February 28, 2015. Review of applications will begin March 
1, 2015 and will continue until the position is filled. 


Questions can be directed to Dr. Eric Hanson, Search 
Committee Chair (hansone@msu.edu). Questions on 
submitting applications through https://jobs.msu.edu can be 
directed to hrt@msu.edu. 


MICHIGAN STATE 


UM ITVERSIT FT 


MSU is committed to achieving excellence through cultural 
diversity. The University actively encourages applications and/or 
nominations of women, persons of color, veterans and persons 
with disabilities. 


MSU is an Affirmative Action, Equal Opportunity Employer. 
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Yale 


Faculty Position at Yale University 
Department of Molecular, Cellular 
and Developmental Biology 


The Department of Molecular, Cellular and Developmental Biology 
at Yale University invites applications for a faculty appointment 
as an assistant professor from individuals investigating important 
questions in biology at the cellular or molecular level. The Department 
encourages applications from candidates using any experimental 
system, from microbes to multicellular organisms. The broad 
research interests of the faculty include molecular biology and 
chemical biology, cellular and developmental biology, computational 
biology, microbiology, genetics, neurobiology, plant sciences, and 
biotechnology. We expect the successful candidate will establish an 
active research group, be an interactive member of the faculty, participate 
in interdisciplinary research and training, and engage in regular 
graduate and undergraduate teaching. Teaching skills are essential. 


Review of applications will begin October 1, 2014 and will continue 
until the position is filled. Submit cover letter, a curriculum vitae and a 
description of research interests on line to https://academicjobsonline. 
org/ajo/Yale. Request at least three individuals submit letters of 
recommendation on your behalf to https://academicjobsonline.org/ajo/ 
Yale. For questions, please e-mail mcdb.search@yale.edu. 


Yale University is an Affirmative Action/Equal Opportunity 
Employer. Yale values diversity among its students, staff, and faculty 
and strongly welcomes applications from women, persons with 
disabilities, protected veterans, and underrepresented minorities. 


IOWA STATE UNIVERSITY 


Assistant Professor in Department of Genetics, 
Development and Cell Biology 


As part of a major interdisciplinary hiring initiative (las.iastate.edu/ 
faculty-careers) in the College of Liberal Arts and Sciences (http://www. 
las.iastate.edu) at lowa State University (ISU), a new joint initiative by 
the Department of Genetics, Development and Cell Biology (http://www. 
gdcb.iastate.edu) and the Department of Physics and Astronomy (http:// 
www.physastro.iastate.edu) aims to chart a Quantitative Roadmap of the 
Living Cell. Multiple new hires in the field of Physical Biology are planned 
for the next 2-3 years and should expect to benefit from and contribute 
to the interaction and collaboration among these and other departments. 


The Department of Genetics, Development and Cell Biology seeks creative 
individuals for a tenure-track faculty position at the Assistant Professor 
level with an appointment expected to begin in Fall 2015. This position 
will establish extramurally funded programs of research that interrogate 
fundamental cellular or developmental processes, using imaging strategies 
at the interface of physics and biology in animals, plants or microbes. The 
selected candidate will teach undergraduate biology or genetics courses 
and graduate courses in their area(s) of expertise. This position will have 
a primary appointment in the Department of Genetics, Development and 
Cell Biology, with the option of having a secondary appointment in the 
Department of Physics and Astronomy. 


Qualified applicants must have a Ph.D. or equivalent in a scientific field 
and demonstrated potential for superior achievement in research. Please 
visit www.iastatejobs.com/postings/search and search for posting 
number 400036 to view the entire vacancy and apply electronically. For 
full consideration, applications must be received by November 14, 2014. 


Iowa State University is an EO/AA Employer. All qualified applicants 
will receive consideration for employment without regard to race, color, 
religion, sex, national origin, disability, or protected Vets status. 


CLINICAL ASSISTANT PROFESSOR 


Department of Biology 
ARTS AND SCIENCE 


New York University invites applications for a Clinical 
Assistant Professor appointment in the Department of 
Biology to start January 1, 2015 pending budgetary and 
administrative approval. Responsibilities include developing 
and teaching courses related to anatomy and physiology at 
the undergraduate and graduate levels. Teaching duties wil 
include six course equivalents per year annually. Applicants 
should be able to teach fundamental courses in anatomy, 
physiology and endocrinology, as well as more specialized 
courses that emphasize the molecular pathways that contro 
physiological responses. Candidates are expected to have 
proven teaching ability and recent research experience in a 
relevant biomedical field. The Department of Biology (http:// 
biology.as.nyu.edu) offers an outstanding and collegia 
environment. 


Candidates should submit applications, including a CV and 
three letters of references, through the NYU Department of 
Biology website (http://biology.as.nyu.edu), via the “Faculty 
Recruitment” link. You may use the following address in the 
cover letter: Chair of the Anatomy and Physiology Search 
Committee, Department of Biology, New York University, 
1009 Silver Center, 100 Washington Square East, New York, 
NY 10003. Closing date: October 31, 2014. 


sd NEW YORK UNIVERSITY 


EOE/Minorities/Females/Vet/Disabled 


2014/2015 SCU Bioengineering Faculty Search 
Announcement 
Tenure-track Faculty Positions Available 
Department of Bioengineering 
School of Engineering 
Santa Clara University 


The newly established Department of Bioengineering in the School of 
Engineering at Santa Clara University is enjoying a rapid expansion in 
its education and research endeavors (http://www.scu.edu/engineering/ 
bioengineering/). The department has an undergraduate and graduate student 
body of over 200 students. We are now searching for two new tenure-track faculty 
members at the rank of assistant professor to join the department beginning 
academic year of 2015-16. 


Candidates in all areas of bioengineering are welcome to apply, although we 
are particularly interested in receiving applications from qualified candidates 
with research and teaching interest and expertise in the broad areas of Bio- 
instrumentation/Bio-device engineering, Biomechanics, and Cellular and 
Molecular Engineering. 


All applicants must have a strong commitment and ability to teach at the 
undergraduate and graduate levels as well as excellent communication skills. 
The successful hires are expected to develop independent, externally supported 
research programs, and to maintain a strong publication record. Successful hires 
will also advise students, mentor projects, and provide service to the Department, 
the School and the University. An earned doctorate in bioengineering or a closely 
related field is required. 


All applicants are required to apply through the Santa Clara University website 
at www.scu.edu/jobs. Review of applications will start immediately and will 
continue until the positions are filled. The proposed starting date is September 
1, 2015. 


Santa Clara University is an Equal Opportunity/Affirmative Action Employer, 
committed to excellence through diversity and inclusion, and, in this sprit, 
particularly welcomes applications from women, persons of color, and 
members of historically underrepresented groups. All qualified applicants 
will receive consideration for employment without regard to race, religion, 
color, national origin, sex, sexual orientation, gender identity or expression, 
age, status as a protected veteran, status as a qualified individual with a 
disability, or other protected category in accordance with applicable law. 


UCONN 
HEALTH 


Senior Faculty Position 
Modeling and Analysis of 
Cellular Systems 


The Berlin Center for Cell Analysis and Modeling 
(http:/www.ccam.uchc.edu/) (CCAM) at the 
University of Connecticut Health Center (UCHC) is a 
multi-disciplinary research center with 15 faculty 
members focused on development of new photonic, 
microscopic and computational approaches for the 
study of cellular systems. CCAM is the home of the 
Virtual Cell Project (http://vcell.org). We occupy a 
new award winning research building close to the 
main campus. UCHC is poised to undergo unprece- 
dented growth through the State “Bioscience 
Connecticut” initiative and through the establishment 
of the Jackson Laboratory for Genomic Medicine on 
our campus. We have an opening at the Associate or 
Full professor level for an established funded investi- 
gator whose research program elucidates processes 
that control cell function. A research program that 
integrates computational modeling with experiments 
at multiple scales would be especially appropriate. 
The successful candidate will be expected to assume 
a leadership role in the continued growth of CCAM. 
Opportunities will also be available to participate in the 
CCAM graduate program. Applications will be accept- 
ed until the position is filled. Applicants should submit 
a letter of application, curriculum vitae, research plan 
and statement of teaching interests, and names (with 
address and e-mail address) of at least three refer- 
ences via the University of Connecticut Health Center 
Employment Services website, https://jobs.uchc.edu, 
search number 2012-1038. Questions regarding this 
search should be addressed to Leslie Loew at 
les@volt.uchc.edu 


Affirmative Action/Equal Opportunity Employer 
(M/F/M/PwD/PV) 


The Noble Foundation launches 


FORAGE5365 


The Samuel Roberts Noble Foundation has launched the FORAGE365 research 
initiative to develop sustainable, low-input forage systems that will enable 
ranchers to graze cattle year-round and use less or no hay. This will revolutionize 
agriculture in the Southern Great Plains, providing significant benefits to ranchers 
and the environment. 


As part of FORAGE365, Noble Foundation scientists have developed 

nine integrated research projects that focus on four pillar forages (alfalfa, 
bermudagrass, tall fescue, and winter wheat) and relevant model plant species. 
These projects aim to increase plant nutrient (nitrogen and phosphorus) and 
water use efficiencies, improve drought tolerance, understand and alter plant root 
development, harness beneficial plant-microbe interactions, develop informatics 
tools and databases for genome-assisted plant breeding, and develop superior 
grazing systems using our target forage species. 


To accomplish FORAGE365 objectives, the Noble Foundation will expand its 
research staff, adding six postdoctoral fellows, a toolbox developer/curator, 

a senior research associate, two bioinformatics analysts and five research 
associates/assistant positions. Each position will have a multi-disciplinary training 
and research opportunity at one of the country’s most renowned centers for 
agriculture and plant science. We seek candidates with research experience 

in the areas of plant genetics, genomics, breeding, cell and molecular biology, 
biochemistry, physiology, microbiology, bioinformatics, or agronomy. 


To learn more about FORAGE365 and the associated job TET, SAMUEL ROBERTS 
opportunities, please visit www.noble.org or call Human 
Resources at 580.224.6230. The Noble Foundation is an 


equal opportunity employer. FOUNDATION 


Assistant Professors of Biology 


Adelphi University invites applications for 
two tenure-track positions in biology to begin 
fall 2015. One position is for a molecular 
biologist, with teaching responsibilities to 
include biochemistry, molecular biology, and 
introductory biology. The other position is for an 
organismal biologist with expertise in anatomy 
and physiology, with teaching responsibilities 
to include human anatomy and physiology, 
animal behavior, and histology. Ph.D required; 
postdoctoral experience strongly preferred. 
The successful applicants will have excellent 
potential as a teacher, a significant record of 
research accomplishment, and have or be able 
to develop a fundable independent research 
program involving undergraduates and master’s 
students. 


For more information about the department, 
visit http://academics.adelphi.edu/artsci/bio/. 
We encourage applications from members of 
underrepresented groups. Adelphi is a private 
university with the spirit of a liberal arts 
college, committed to combining teaching and 
scholarship, and located in suburban Long 
Island within easy reach of New York City. More 
detailed descriptions of the positions and 
applications are available through www.adelphi. 
edu/positions/faculty/ 


Deadline for applications: November 15, 2014. 


UNIVERSITY 


The riving STAR of Tema 


Texas State University is a member of the Texas State University System. 


Assistant Professor 
Aquatic Toxicology/Aquatic Hazard Assessment 


The Department of Biology at Texas State University (www.bio.txstate.edu) invites 
applications for a tenure-track Assistant Professor in Aquatic Toxicology/Aquatic 
Hazard Assessment. The successful candidate will be expected to teach both graduate 
and undergraduate courses in the Department of Biology and develop an externally 
funded research program involving graduate students that complements the existing 
strengths of our 34-member faculty. Required qualifications are a Ph.D. in the life 
sciences, environmental toxicology or a related field, postdoctoral experience, and a 
record of published research accomplishments in aquatic toxicology and/or aquatic 
hazard assessment. Preferred qualifications are a record of externally funded research, a 
record of interdisciplinary collaboration, and a research area that complements research 
interests within the Department. Salary and start-up package are negotiable. 


Review of applications will begin December 15, 2014. A letter of application including 
a statement of research plans and teaching philosophy, CV, copies of five representative 
publications, and the names and contact information of five people willing to serve as 
references should be sent, as a single PDF, to Toxicology@txstate.edu. Questions about 
this position should be addressed to Dr. Joe Tomasso, jt33@txstate.edu. To ensure full 
consideration all materials must be received by December 15, 2014. 


Texas State University is an Affirmative Action/Equal Opportunity Employer. 
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ines in 1564, Galileo Galilei once contemplated a career in the priesthood. It’s perhaps fortunate 
for science that upon the urging of his father, he instead decided to enroll at the University of 
Pisa. His career in science began with medicine and from there he subsequently went on to become 
a philosopher, physicist, mathematician, and astronomer, for which he is perhaps best known. His 
astronomical observations and subsequent improvements to telescopes built his reputation as a 
leading scientist of his time, but also led him to probe subject matter counter to prevailing dogma. | ‘Science 
His expressed views on the Earth’s movement around the sun caused him to be declared suspect _ 
of heresy, which for some time led to a ban on the reprinting of his works. , = 
Galileo’s career changed science for all of us and he was without doubt a leading light in the # . 


“a 


scientific revolution, which is perhaps why Albert Einstein called him the father of modern science. | 2 
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Dartmouth seeks to hire several new 
science faculty who are dedicated to 
leading-edge research and both graduate 
and undergraduate teaching. This 
year Dartmouth has active searches 
in Applied or Computational 
Mathematics, Computer 
Science, Computational Molecular & Cell 
Biology, Ecology, Geobiology, Materials 
Chemistry, Psychological and Brain 
Sciences, and a chaired position in Computational 
Science. For information on these and all other 
faculty searches underway, visit dartgo.org/ 
facjobs. Dartmouth scientists are also actively 
seeking ambitious postdoctoral scholars and 
motivated graduate students to join our research 
programs. 


To create an atmosphere supportive of research, 
Dartmouth offers new faculty members grants for 
research-related expenses, a quarter of sabbatical 
leave for each three academic years in residence, 
and flexible scheduling of teaching responsibilities. 
Dartmouth College, a member of the Ivy League, is 
located in Hanover, New Hampshire. Dartmouth’s 
beautiful, historic campus is located in a scenic area 
with ample recreational and cultural activities. With 
an even distribution of male and female students 
and over one third of the undergraduate student 
population members of minority groups, Dartmouth 
is deeply committed to diversity among its student 
body and its faculty. 


Dartmouth is an Equal Opportunity/ 
Affirmative Action Employer with a strong 
commitment to diversity. In that spirit, we are 
particularly interested in receiving applications 
from a broad spectrum of people, including 
women, persons of color, persons with 
disabilities, veterans or any other legally 
protected group. 


si NEW YORK UNIVERSITY 


FACULTY POSITION 


Center for Genomics & Systems Biology 


Department of Biology ® 
CENTER FOR GENOMICS 
ARTS AND SCIENCE AND SYSTEMS BIOLOGY 
NEW YORK UNIVERSITY 
New York University’s Center for Genomics & Systems Biology (http://cegsb.as.nyu.edu) in 
the Department of Biology invites applicants to apply for one open rank faculty position to 
begin September 1, 2015, or as negotiated pending budgetary and administrative approval. 
We are interested in applicants who examine how the components of complex biological 
systems interact. Examples include but are not limited to 1) live imaging approaches that 
reveal how gene interactions influence cellular, tissue or organismal phenotype, 2) microbial 
community analysis that takes advantage of high-throughput sequencing, 3) evolutionary 
questions that use genome-wide information, and 4) computational or mathematical 
approaches that address biological theory or network inference. 


Candidates will be expected to establish an active, externally funded research program and 
contribute a moderate teaching component in their area of expertise. The Department of 
Biology (http://biology.as.nyu.edu) offers an outstanding, collegial and interdisciplinary 
research environment that supports ambitious research programs. The department has 
strong ties to the Courant Institute of Mathematical Sciences and ample resources in robotics, 
high-throughput sequencing, and high-performance computing. 


Application packages should include a cover letter, research statement, teaching 
statement, curriculum vitae, and three letters of reference. Please apply online via the New 
York University Department of Biology website (http://biology.as.nyu.edu), using the 
“Employment” link. The cover letter should be addressed to: Chair of the CGSB Search 
Committee, Department of Biology, New York University, 1009 Silver Center, 100 
Washington Square East, New York, NY 10003. Selection will begin November 24, 2014; 
applications received prior to this date will be guaranteed full evaluation. 
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AAAS is here - 
helping scientists achieve 
career sucess. 


Every month, over 400,000 students and 
scientists visit ScienceCareers.org in search 
of the information, advice, and opportun- 
ities they need to take the next step in 

heir careers. 


Acomplete career resource, free to the 
public, Science Careers offers hundreds 
of career development articles, webinars 
and downloadable booklets filled with 
practical advice, a community forum 
providing answers to career questions, 
and thousands of job listings in academia, 
government, and industry. As a AAAS 
member, your dues help AAAS make this 
service available to the scientific community. 
if you’re not a member, join us. Together 
we can make a difference. 


To learn more, visit 
aaas.org/plusyou/sciencecareers 
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~ NEW YORK UNIVERSITY 


CLINICAL ASSISTANT 
PROFESSOR 


Department of Biology and the Center for | 
Genomics and Systems Biology CENTER FOR GENOMICS 


AND SYSTEMS BIOLOGY 


ARTS AND SCIENCE NEW YORK UNIVERSITY 


New York University invites applications for a Clinical Assistant Professor appointment 
in the Department of Biology to start September 1, 2015 pending budgetary and 
administrative approval. Responsibilities include developing and teaching courses 
related to Statistics, Bio-informatics, Genomics, and Systems Biology to support our 
growing emphasis on training computational biologists. Teaching duties will include 
six course equivalents per year; candidates should be able to teach fundamental 
courses in Statistics, Genomics, Systems Biology, and Large Dataset Analysis at the 
undergraduate and graduate levels. Candidates should have a PhD in Bioinformatics, 
Computational Biology, or Biology with a concentration in computer studies, and be 
fluent in programming languages such as R and Perl or Python. Teaching experience 
is preferred. The Department of Biology (http://biology.as.nyu.edu) and NYU’s 
Center for Genomics and Systems Biology (http://cgsb.as.nyu.edu/page/home) offer 
outstanding and collegial environments. 


Candidates should submit applications, including a CV and three letters of references, 
through the NYU Department of Biology website (http://biology.as.nyu.edu), via 
the “Faculty Recruitment” link. You may use the following address in the cover letter: 
Chair of the Bio-informatics and Statistics Search Committee, Department of 
Biology, New York University, 1009 Silver Center, 100 Washington Square East, New 
York, NY 10003. Closing date: November 30, 2014. 
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POSITIONS OPEN 


FACULTY POSITION 
Johns Hopkins University 
School of Medicine 
Institute for Cell Engineering 


The Institute for Cell Engineering invites applica- 
tions from outstanding individuals with creative, rig- 
orous, and integrative research approaches to enhance 
its cell engineering investigational strengths in immu- 
nology, stem cell biology, neurosciences, and vascular 
biology. For additional information about the institute, 
visit website: http://www.hopkinsmedicine.org/ 
institute_cell_engineering/. Candidates should have 
an M.D. and/or a Ph.D. degree with appropriate post- 
doctoral experience and an outstanding publication 
record. Primary department affiliation will be deter- 
mined by the applicant’s qualifications and by relevance 
of the applicant’s research program to departmental 
initiatives. The successful candidate will have expe- 
rience in any aspect of stem cell biology or related field. 
Special attention will be give to investigators in the 
areas of vascular biology or organogenesis. 

To apply, submit curriculum vitae, three letters of 
reference, copies of relevant publications and a con- 
cise description of research interests and research plans 
(up to three pages) to e-mail: icesearch@jhmi.edu to 
the attention of Ted M. Dawson, Director, Institute 
for Cell Engineering. Applications will be assessed on 
an ongoing basis and the deadline for submission is 
December 15, 2014. The appointment is expected to 
be made in 2015. 

The John Hopkins University School of Medicine is an Affirma- 
tive Action/Equal Opportunity Employer that embraces diversity. 


TENURE-TRACK IMMUNOLOGIST 
Assistant Professor Position in Immunology 


The Department of Pathology, Microbiology, and 
Immunology at the University of South Carolina’s 
School of Medicine invites applications for a tenure- 
track Assistant Professor position in Immunology. The 
successful candidate is expected to develop a strong ex- 
tramurally funded research program, and must participate 
in the teaching mission of the department. Outstand- 
ing applicants working in an area complementing our 
existing faculty research interest (website: http:// 
pmi.med.sc.edu/) will be considered. The departmen- 
tal strengths include the NIH-funded Center for Com- 
plementary and Alternative Medicine, and the COBRE 
on Dietary Supplements and Inflammation. Candidates 
must have a Ph.D. or equivalent, and at least three years 
of postdoctoral research experience. Preference will be 
given to a candidate who has shown evidence of inde- 
pendence with currently active grant funding. Compet- 
itive salary and startup funds are available. Please submit 
curriculum vitae, teaching philosophy, and statement of 
research plans to: Dr. Mitzi Nagarkatti, Chair, Depart- 
ment of Pathology, Microbiology, and Immunology, 
University of South Carolina School of Medicine, 
Columbia, SC 29208 or e-mail: pmi.immunology@ 
uscmed.sc.edu. Kindly arrange to submit three letters 
of recommendation upon request. The search will start 
immediately and will continue until the position is filled. 
USC Columbia is an Equal Opportunity/Affirmative Action Em- 
ployer, encourages applications from women and minorities, and is 
responsive to the needs of dual career couples. 


Stop searching 
for a job; 
start your career. 
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POSITIONS OPEN 


FACULTY POSITIONS IN IMMUNOLOGY 
Boston University School of Medicine 


The Department of Microbiology (website: http:// 
www.bumce.bu.edu/microbiology) seeks investigators 
with exceptional records of research achievement and 
scientific innovation for faculty positions. The successful 
applicants will join a vibrant and growing community of 
researchers in an environment that includes the new 
Center for Immunobiology (website: http://www. 
bumce.bu.edu/immunobiology/), strong translation- 
al medicine programs and the state-of-the-art National 
Emerging Infectious Diseases Laboratories (website: 
http://www.bu.edu/neidl). Applications in all areas 
of immunology will be considered, but investigators 
with expertise in the immunology of infectious diseases 
or adaptive immunity are especially encouraged to ap- 
ply. Candidates appropriate for any faculty level posi- 
tion will be considered. 

To be considered, please submit curriculum vitae, a 
summary of research accomplishments, a description of 
future research plans, and the names of at least three 
references to Ms. Kathleen Marinelli (e-mail: kfurness@ 
bu.edu). Applications will be considered as they are 
received, with the positions to be filled after January 
1, 2015. 

Boston University School of Medicine is an Equal Opportunity/ 
Affirmative Action Employer. 
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Opportunities 
Away From 
the Bench 


Webinar 


Want to learn more about exciting 
and rewarding careers outside of 
academic/industrial research? 
View a roundtable discussion that 
looks at the various career options 
open to scientists and strategies 
you can use to pursue a 
nonresearch career. 


Now Available 
On Demand 


www.sciencecareers.org/ 
webinar 


Produced by the 
Science/AAAS Business Office. 
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WORKING LIFE 


By Sharon Ann Holgate 
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Life inspires applications 


t first, the abstract beauty of molecules was what drew David Smith to research. During his 

school days near Manchester, in the United Kingdom, Smith developed a love for physics. But 

that was before two chemistry teachers and Linus Pauling’s book, The Nature of the Chemical 

Bond, inspired him to read chemistry. For his Ph.D. at the University of Oxford, Smith synthe- 

sized molecules that could recognize both positively and negatively charged ions in water and 

studied how they interact. Applications to chemical sensors were easy enough to envision, but 
he was focused on the fundamental science. He did a postdoc at ETH Zurich and then, in 1999, won 
a lectureship at the University of York in the United Kingdom. 


In York, inspired by the “beauty and 
symmetry” of the dendritic organic 
molecules he had worked on for his 
postdoc, Smith and his lab members 
worked to create similar molecules. 
They soon discovered two mol- 
ecules that readily self-assembled 
into gel materials. By 2005, Smith’s 
lab—which by then employed eight 
people—was building an interna- 
tional reputation for its work on 
the molecular interactions behind 
this self-assembling behavior. “We 
were making small, easily synthe- 
sized, programmable molecules’— 
molecules designed and_ synthe- 
sized with parts that control their 
behavior—“which assembled on the 
nanoscale into highly functional 
materials,’ Smith says. 

Smith had just begun thinking 
about how this work might be ap- 
plied when, in 2005, he met Sam. Sam, who would become 
Smith’s husband, has cystic fibrosis (CF). One potential 
treatment for CF is gene therapy, and a major challenge in 
gene therapy is packaging replacement genes so they can 
be delivered to the target cells. The reversible, noncovalent 
self-assembly processes Smith’s team was studying could be 
harnessed, he realized, to produce molecular systems that 
could bind and release DNA. By 2009, half his lab was work- 
ing on gene therapy. “I didn’t know why my work was useful 
until I was faced with this problem,’ Smith says. 

For a fundamental chemist like Smith, the project repre- 
sented “a different approach to science,’ he says. Not only 
was the work multidisciplinary—spanning chemistry, nano- 
technology, biology, and medicine—it also required starting 
out with specific applications in mind and designing the ex- 
periments accordingly. 

By 2011, Sam’s respiratory function had deteriorated to the 
point where he needed a lung transplant. Smith took an in- 


“I didn’t know why my work 
was useful until I was faced 
with this problem.” 


terest in the drugs used during the 
surgery. As is common in major op- 
erations, heparin, a blood-thinning 
agent, was injected to prevent clot- 
ting; the drug must be removed 
after surgery to allow the patient’s 
wounds to heal. But some patients 
are allergic to protamine sulfate, 
the compound now used to remove 
heparin from the bloodstream. 

Smith realized he could create 
self-assembled nanoscale systems 
that, when injected, would hunt 
down and bind circulating hepa- 
rin and then be excreted. “We had 
systems that bound DNA, and they 
can all, in principle, be used to bind 
heparin as well ..., so we could start 
pretty much instantly,’ he says. 

Smith encourages young re- 
searchers to move into applied re- 
search—but only after “you’ve found 
fundamental techniques that you're good at,” he says. “Be pre- 
pared to think and hear about plenty of applications where 
you cannot really help, in order to find the ones you can ap- 
proach in an innovative way. Treat the application a bit like 
an academic problem: Consider which small part of it you 
may be able to do something about, then work from there.” 

Sam is unlikely to benefit from Smith’s work because he is 
unlikely to need to. His donor lungs don’t have the CF gene 
mutation, and if things continue to go well, he won’t need 
another major surgery. “The inspiration came from Sam,” 
Smith says, “but I think the benefit is likely to be for others 
in the future.” Knowing that your work could potentially save 
lives, he says, “helps keep research interesting.” & 


Sharon Ann Holgate is a freelance science writer in the 
United Kingdom. For more on life and careers, visit 
www.sciencecareers.org. Got an interesting career story? 
Send it to SciCareerEditor@aaas.org. 
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